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Abstract
Strata of the Late Albian Lower Colorado Group are widely distributed in subsurface and 
outcrop in the Western Canada Foreland Basin. The rocks represent depositional environments 
ranging from alluvial to offshore marine. The Lower Colorado Group comprises, in ascending 
stratigraphic order, the Joli Fou, Viking, Westgate, and Fish Scales formations. Mudrocks of 
the Joli Fou Formation record a time when the interior of North America was flooded by a 
shallow sea that led to the connection of the Polar Ocean and the Gulf of Mexico. Ensuing 
sea-level fall and regression led to deposition of Viking Formation sandstone across much of 
the basin. This regression was terminated by a flooding event leading represented in the rock 
record by Westgate Formation mudstones.
The Joli Fou and Viking alloformations were correlated throughout a study area of 56,000 
km2 in south central Alberta and adjacent Saskatchewan using 1626 well logs and 118 cores. 
The Joli Fou alloformation is equivalent to the Lower Paddy alloformation, the latter 
recording active subsidence in NW Alberta, whereas in the study area, the Joli Fou is 
relatively sheet-like. Sediments deposited during early to mid-Viking time are also 
approximately sheet-like, reflecting little to no regional flexural subsidence. Minor thickening 
to the SW probably reflects the development of local deltaic depocentres. During mid-Viking 
time, subtle uplift and erosion in NW Alberta and adjacent British Columbia led to the 
deposition of lowstand shorefaces, some of which are oil and gas rich. These sandstone bodies 
are sharp-based, onlap towards the south, and are concentrated along a NW-SE trending 
hinge-line. During late Viking time, stacked and shingled deltaic sandstones, up to 40 m thick, 
prograded from the south and SW, and onlapped north-eastward onto the flexural hinge. The 
hinge is inferred to overlie a deep-seated fault that underwent episodic reactivation, possibly 
related to activity in the orogen. Sandstone distribution maps show dramatic shifts in the locus 
of sediment delivery, possibly related to tectonic reorganization of river systems.
Regional stratal geometry and U/Pb zircon dating from bentonites show that transgressive-
regressive events in the Joli Fou and Viking alloformations took place on a 104-105 yr time-
scale and were possibly influenced by eustatic cycles attributable to the growth and decay of 
small Antarctic ice sheets modulated by Milankovitch cyclicity.
Keywords: Lower Colorado Group, Viking Formation, Joli Fou Formation, 
Allostratigraphy, Cretaceous, Alberta, Saskatchewan, Western Interior Seaway.
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Chapter 1
INTRODUCTION
”...you’re thinking short here when you oughtta be thinking long.”
- Proposition Joe,The Wire
1.1 Introduction
Over half a million oil and gas wells have been drilled in Canada since the establishment of 
the Canadian petroleum industry in 1858 at Oil Springs, Ontario (Natural Resources Canada, 
2016). Eighty percent of these wells are in Alberta. As a result, a large stratigraphic database 
of publicly-accessible wireline well logs and cores makes the Western Canada Foreland Basin 
(WCFB) the world’s best natural laboratory in which to investigate the interplay between sed-
imentation, eustasy, and tectonic movement of the basin floor. From this database, the stratal 
patterns and facies distributions can be determined. Abundant core allows wireline logs to be 
calibrated and depositional environments to be reconstructed in terms of physical processes 
and biota.
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Figure 1.1: Summary of literature available on the Viking Formation. Map modified from Boreen and Walker (1991).
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Despite having been discovered over a century ago (Slipper, 1918), the Viking Formation 
reservoir-quality sandstone represents one of the most active hydrocarbon-bearing reservoirs 
to date in the WCFB, with production of medium density crude oil increasing in Petroleum 
Services Association of Canada (PSAC) Areas 3 and 4 by 68.6 % in 2016 (Alberta Energy 
Regulator, 2018). As a result of continued production, it is one of the most well-studied forma-
tions in Western Canada (e.g. DeWiel 1956; Roessingh 1959; Glaister 1959; Beaumont 1984; 
Hein et al. 1986; Leckie 1986; Reinson et al. 1988; Boreen and Walker 1991; Posamentier 
and Chamberlain 1993; Pattison and Walker 1994; Walker 1995; Pattison and Walker 1998; 
MacEachern et al. 1999a,b,c; Coates and MacEachern 2007; Roca et al. 2008). Guided by 
an earlier allostratigraphic study of the Cardium Formation (Plint et al., 1986), Boreen and 
Walker (1991) introduced the first allostratigraphic framework for the Viking Formation. This 
stimulated other researchers to apply an allostratigraphic approach to the Viking Formation 
in individual fields such as Willesden-Green, Joffre, Crystal, Gilby, and others. Although al-
lostratigraphic studies of the Viking Formation were numerous (particularly by researchers at 
McMaster University), little effort was made to integrate local allostratigraphic schemes into a 
cohesive, basin-wide framework (Figure 1.1).
1.2 Research Objectives
During Late Albian time, the interior of North America was flooded by a shallow sea that 
appears to mark a global sea-level rise (Nauss, 1947; Stelck, 1958; Eicher, 1960; Williams 
and Stelck, 1975). This flooding event, represented in Alberta by mudstone of the Joli Fou 
Formation was terminated by a regression that led to deposition of Viking Formation sandstone 
(and equivalent units) that extend across much of the basin (Figure 1.2).
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Figure 1.2: Paleogeographic extent of (1) Skull Creek Sea (Joli Fou), (2) Viking Sea, and (3) Mowry Sea (Westgate). Modified from
Williams and Stelck (1975).
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Although the general lithostratigraphic organization of Joli Fou and Viking rocks has been 
known for several decades, the internal, large-scale allostratigraphic organization of these units
is poorly known. The inherent problem with correlating the Viking Formation on a regional scale 
is that the sandstone bodies exhibit abrupt thickness and lateral facies changes (Reinson
et al., 1994). In the Alberta plains, Stelck (1958) recognized the top of the Viking Formation as
a sharp mud-on-sand contact. Due to abrupt changes in lithology and thickness, Jones (1961) 
recognized the limitations of applying lithostratigraphy to the Viking Formation in southern 
Saskatchewan, noting the near impossibility of identifying the top of the Viking Formation as
per Stelck (1958). Due to this lithostratigraphic constraint, early studies of the Viking Forma-
tion were also constrained in area; with most studies only focussing on small, reservoir-sized plots 
of land (Figure 1.1).
This study comprises three overarching objectives. The first objective is to reconstruct the 
allostratigraphic and paleogeographic history of the Joli Fou and Viking formations in south-central 
Alberta and adjacent Saskatchewan. The second objective is to examine (litho)facies
and provide a detailed description and interpretation of structures in order to understand the 
depositional environment in which sediments were deposited. The third and principal objective
is to understand the causal effects of rapid sea level fluctuations during the Late Albian and relate it 
to regional and global events such as tectonism and eustasy.
1.3 The study area
The study area spans an area of approximately 56,000 km2 in south central Alberta and Saskatch-
ewan. The studied interval is the Lower Colorado Group and spans approximately 400 km west 
to east (Range 26W4 to Range 16W3) and approximately 170 km north to south (from Twp 24 
to Twp 40) across south central Alberta and south-western Saskatchewan.
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1.4 The database
In order to reconstruct the paleogeography of the Lower Colorado Group, 1626 gamma ray 
and/or electric resistivity logs were used to construct 27 wireline log cross sections. Wher-
ever possible, cross sections were spaced approximately 10 km apart with intersecting N-S 
and E-W lines sharing common wells. Sedimentological analyses of the Joli Fou and Viking 
formations was based on 118 cores examined at the Alberta Energy Regulator (AER) Core 
Research Centre in Calgary, Alberta and the Saskatchewan Subsurface Laboratory in Regina, 
Saskatchewan.
1.5 Methods
This study involves two mutually complementary approaches and extends the allostratigraphic 
framework of Boreen and Walker (1991) and builds upon the existing studies of Roca (2007); 
Buckley et al. (2016); Vannelli (2016) and Morrow (2017): 1. Stratigraphic correlations, based 
on allostratigraphic principles, which emphasize time and geometric relationships between 
rock packages; and 2. Classical lithofacies and ichnofacies analysed in order to recognize 
spatial variations in depositional environments:
1) Allostratigraphy as the subdivision of the stratigraphic record into mappable rock bod-
ies ”defined and identified on the basis of bounding discontinuities” (p. 1578, North Ameri-
can Stratigraphic Code 2005). The North American Stratigraphic Commission on Stratigraphic 
Nomenclature (NACSN) defines an alloformation as ”...the fundamental unit in allostrati-
graphic classification. An alloformation may be completely or only partly divided into al-
lomembers, if some useful purpose is served, or it may have no allomembers..” . Although 
alloformations often bear the names of formations, lithological criteria are not used in al-
lostratigraphy. Therefore, the regional limitations of rock type are overcome in allostratig-
raphy.
The application of allostratigraphic principles can serve as a useful tool in reconstructing
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the paleogeographic evolution of the WCFB. Regional mapping of discontinuities, particularly 
flooding surfaces, helps to define major allomembers (VA, VB, and VD) within the Viking 
Formation (Boreen and Walker, 1991). Flooding surfaces, although diachronous to some de-
gree (Christie-Blick and Driscoll, 1995; Van Wagoner, 1995), are useful in determining major 
events in the evolution of a basin as they can be traced laterally for hundreds of kilometres (e.g. 
Walker 1995; Boreen and Walker 1991; Roca 2007).
2) Facies analysis from drillcore observations permits the interpretation of depositional
en-vironments. Wireline logs are useful in recognizing large-scale depositional sequences; 
how-ever, it is impossible to recognize primary and secondary structures related to the 
depositional environment such as bedding and bioturbation intensity. Using facies analysis, 
this study de-fined 7 facies from which paleoenvironmental interpretations could be made.
A detailed summary of methodology is provided in each chapter.
1.6 Significance of the Study
Due to its economic potential, great effort has been made to determine the reservoir quality of 
Viking Formation sandstone. Despite extensive research however, there still remains ample 
opportunity for undiscovered subtle traps in the Viking Formation.
The lack of a regional allostratigraphic framework made it impossible to relate all parts 
of the Viking Formation in a time framework and hence, paleogeographic reconstructions of 
the entire depositional system could not be made. Reconstructing the depositional history of 
the Viking Formation will have both economic as well as academic value, by contributing to 
our understanding of the history of Late Albian tectonic regimes and eustatic fluctuations as 
well as identifying the temporal relationships of producing pools and identifying previously 
unrecognised subtle traps.
The allostratigraphic framework developed by Boreen and Walker (1991) for specific Viking 
reservoirs and used by Zhang (2006), Sisulak (2007), Roca (2007), Roca et al. (2008), Ang-
iel (2013), Buckley et al. (2016), Vannelli (2016), and Morrow (2017) now makes it possible
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to understand the temporal relationships between the Viking (and equivalents) and Joli Fou
formations in NW Alberta and British Columbia. The present study aims to clarify the tem-
poral relationships and spatial variations of the Viking and Joli Fou formations across south
central Alberta and south west Saskatchewan, in order to refine our understanding of the pale-
ogeographic evolution of the Western Interior Seaway. Isopach thickness trends for individual
allomembers provide a quantitative estimate of subsidence, and hence can be interpreted in the
context of tectonic loading and therefore, represent an opportunity to understand the tectonic
regime expressed in Lower Colorado Group rocks.
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Chapter 2
FORELAND BASIN GENERATION
2.1 Introduction
This chapter reviews foreland basin generation. The aim is to introduce the tectonic mech-
anisms that control both foreland basin genesis and its fill. This chapter will focus on the 
evolution of the Western Canada Foreland Basin which, collectively with the passive margin 
phase, form the sedimentary fill of the Western Canada Sedimentary Basin. The final part of 
this chapter will introduce the fundamentals of sequence stratigraphy.
2.2 Structure of the Earth
Sedimentary basins are principally related to processes on the outer shell of the Earth, known 
as the lithosphere. The lithosphere is rigid, but acts as a ductile solid on half a million to million 
year time scales (Plint et al., 2012). The lithosphere is not a solid shell, but rather a series of 
plates that move with respect to one another. The topmost layer of the lithosphere is known as 
the crust. It is a thin (10 - 35 km), outer shell of relatively low-density rocks. Oceanic crust 
ranges from 4 to 20 km in thickness (average thickness: 10 km) with an average density of 
2900 kg/m3. The oceanic crust is composed of gabbros and peridotites, pillow basalts, and 
oceanic sediment, such as siliceous oozes. Continental crust ranges in thickness from 30 to 70 
km (average thickness: 35 km) with a density between 2100 - 2800 kg/m3. It is composed of 
granodiorite, plutonic, and siliceous rocks with a sedimentary cover (Figure 2.1).
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Lithospheric plate movement is responsible for producing earthquakes, volcanic activity,
and deformation near plate boundaries. Three classes of plate boundaries exist: divergent,
convergent, and conservative boundaries (Miall, 2010). Divergent boundaries are typified by
mid-ocean ridge spreading centres, while convergent plate boundaries are typified by oceanic
trenches and the collision of plates. In a setting with an oceanic and continental plate, the
dense and cold oceanic lithosphere constitutes the down-going plate. An oceanic trench will
develop and intrusive igneous activity will occur in the overlying continental plate. In settings
where the interacting plates are continental, the down-going plate will resist subduction, lead-
ing to intense deformation. Conservative (transform) plate boundaries consist of plates moving
laterally relative to one another (such as the San Andreas fault). Sedimentary basins are a
by-product of plate motion on a plastic and buoyant asthenosphere.
Foreland basinsare elongated, depressed areas of continental crust that lie between an
orogen and a craton (Dickinson, 1974). The mechanism of foreland basin generation requires
two converging plates (typically oceanic and continental) and subsequent emplacement of a
supra-crustal load composed of thrust sheets that cause isostatic subsidence adjacent to the
load. A supra-crustal load causes subsidence for hundreds of kilometers perpendicular to the
orogen (Jordan, 1981).
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generation.
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Figure 2.2: Cross-section of a foreland basin with four depozones: wedge-top, foredeep, forebulge, and backbulge. Modified from
DeCelles and Giles (1996).
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Foreland basin systems can be subdivided into four distinct depozones (Figure 2.2). Syn-
orogenic sediment deposited on the fold-thrust belt comprises the wedge-top depozone (De-
Celles, 2012). The limit of the wedgetop depozone is defined by the deformation limit of the 
orogenic wedge. In subaerial environments, wedgetop depozones are typified by alluvial and 
fluvial sediments with numerous unconformities, and growth structures, including folds, faults, 
and rotated cleavages, which indicate deposition during active thrusting. Due to active thrust-
ing, and proximity to source area, sediments that accumulate in the wedgetop depozone are 
texturally and compositionally immature (DeCelles and Giles, 1996). Cannibalization of the 
wedgetop is common and results in thinning towards the foredeep (DeCelles and Giles, 1996).
The foredeep depozone consists of sediment deposited in a flexural ’moat’ (Price, 1973) 
that thins away from the orogen. The foredeep varies in width from 100 km to over 300 km 
and can accumulate sediments from 2 - 8 km in thickness (DeCelles and Giles, 1996).
A broad, gentle uplift outboard of the foredeep is termed the forebulge. Computational 
flexural modelling predicts that the forebulge in a flexural basin should be 60 - 470 km wide, 
and 10 - 200 m high (Turcotte and Schubert, 1982). In reality, however, forebulges can range 
from 220 km to 690 km in width and 200 to 400 m in amplitude (Jordan and Flemings, 1989; 
DeCelles and Giles, 1996), and have often proven difficult to identify within ancient sedimen-
tary basins. One reason for this difficulty is that the forebulge has positive relief and is often 
a region of erosion. For example, modern studies of peripheral foreland basins note the devel-
opment of carbonate platforms, and/or subaerial emergence on forebulge depozones (Jacobi, 
1981; DeCelles and Giles, 1996). The resulting subaerial unconformity can be used to track 
migration of the forebulge through time (e.g. Jacobi, 1981; Plint et al., 1993). Key features of 
unconformities produced by a migrating forebulge include progressive cratonward onlap of the 
foredeep basin fill with an increasing stratigraphic gap cratonward, and a regional, low-angle
(<1o) bevelling of the stratigraphic section (Plint et al., 1993). The amount of time represented 
by the forebulge unconformity is tens of thousands of years (Plint et al., 2012) to several tens 
of millions of years (DeCelles, 2012).
1
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A. B. 
C. Figure 2.3: A. Peripheral (collisional) foreland basins (sedimentary fill coloured in orange), B. Retroarc foreland basins (sedimentary
fill coloured in yellow). Modified from DeCelles (2012).
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Beyond the forebulge, thebackbulgeis a depression that slowly tapers to the craton (De-
Celles and Giles, 1996). This depozone is characterized by low subsidence and is commonly
dominated by shallow marine and nonmarine sediments (DeCelles and Giles, 1996).
Two main types of foreland basins are recognized:peripheral foreland basins, andretroarc
foreland basins(Figure 2.3). In peripheral foreland basins, sediments accumulate on the sub-
ducting plate (Agarwal et al., 2002) whereas in retroarc foreland basins, sediments accumulate
on the overriding plate (DeCelles, 2012).
1) Peripheral foreland basinslie between the orogenic belt and the subducting plate (Figure
2.3A, Miall, 1995). Sediment accumulation occurs on the subducting plate. A modern example
of a peripheral foreland basin is the Himalayan foreland basin. The Himalayan foreland basin
system is 400 - 450 km wide and 2000 km long (parallel to the orogen). Peripheral foreland
basins are not subject to dynamic loading by the subducting slab, and are controlled mainly by
the orogenic load (DeCelles, 2012).
2) Retroarc foreland basinsform on continental crust along the inboard flanks between the
orogen and craton (Figure 2.3B) (Jordan, 1995). Sediment accumulation occurs on the upper
plate. Retroarc foreland basins are characterized by a rapidly converging oceanic-continental
subduction zone (Dickinson, 1974; Jordan, 1981). A good example is provided by Jordan et al.
(1983). The Andean foreland basin system has a 50 - 75 km wide wedge-top depozone and,
a 250 - 300 km wide foredeep depozone. The 400 km wide backbulge basin is dominated by
swampy floodplain and fluvial deposits (Chase et al., 2009).
2.3 Retroarc foreland basin-forming mechanisms
2.3.1 Variability in the static load
Active thrusting and accretion of sediments during convergence of an oceanic and continental
plate result in the development of a magmatic arc, and ’topographic load’ (i.e., the orogen).
This load exerts a bending stress on the lithosphere which flexes over a lateral distance of one
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to several hundreds of kilometres. Changes in the mass distribution of the topographic load
will affect the size and shape of the foredeep depozone.
In foreland basins, alternating episodes of active thrusting and tectonic quiescence create
stacking patterns of aggradational to progradational nearshore sandstone packages that are dis-
tinguishable in the geological record. Numerical models such as those by Jordan and Flemings
(1991) helped researchers such as Plint et al. (2012) to explain field observations. Plint et al.
(2012) showed that aggrading coastal plain deposits with immature paleosols and shoreface
sandstones were largely confined to the western part of the WCFB indicating rapid flexural sub-
sidence related to an increase in the mass of the static load. Subsidence due to loading trapped
coarse, clastic sediment at the proximal margin of the basin formed wedge-shaped allomembers
(Lumsdon-West and Plint, 2005; Varban and Plint, 2008). In contrast, progradational, sheet-
like packages of coarse, clastic sediment with well-developed paleo-valley systems suggest
deposition during times of little or no subsidence. The eff cts of tectonic quiescence on stratal
geometries are well-documented in the Late Albian Viking Formation (e.g. Boreen and Walker,
1991; Roca et al., 2008; Plint et al., 2018), and the Cenomanian Dunvegan Formation (Plint
et al., 2012), where thin, sheet-like bodies of coarse, clastic rock can be traced laterally for hun-
dreds of kilometres. Varban and Plint (2008) and Plint et al. (2012) illustrate episodic thrusting
alternating with quiescence in the Kaskapau and Cardium alloformations. The Kaskapau allo-
formation is a wedge-shaped package of mudstone-dominated facies that extends offshore for
>400 km. Mudstone facies pass laterally westward into approximately 500 m of aggradational
shoreface sandstones that prograde no more than 40 km eastward. Lying on the wedge-shaped
Kaskapau alloformation, the Cardium alloformation is composed of sheet-like, progradational
shoreface sandstones and conglomerates that extend up to 150 km east of the preserved basin
margin (Hart and Plint, 1993; Varban and Plint, 2005, 2008; Figure 2.4).
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Figure 2.4: Dip-oriented cross section of the Kaskapau (units I to V) and Cardium alloformations. The wedge-shaped Kaskapau units I
to V indicate rapid flexural subsidence in accordance to the Jordan and Flemings (1991) model, whereas the Cardium Formation lacks a
wedge-shaped geometry and indicates tectonic quiescence (Plint et al., 2012). Reprinted with permission from Wiley Online Library.
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In addition to the static load affecting stratal geometry (wedge versus sheet), Plint et al.
(2012) showed that thrusting can stop and start simultaneously in different sectors of the fold-
thrust belt. Stratal packages spanning 400 - 800 kyr from units I, II, and III of the Puskwaskau
alloformation, for example, show that the locus of sedimentation migrated 200 - 350 km from
the north after deposition of unit I to the south (Hu and Plint, 2009; Plint et al., 2012; Fig-
ure 2.5). These large-scale studies illustrate non-uniform subsidence along the length of the
orogen.
Abrupt lateral shifts in the locus of subsidence on the orderof 400 - 800 Myr implies
that major thrust sheets advanced for a period of time beforebecoming inactive, whereupon
thrusting became active in another region along the strike of the orogenic belt. This observed
phenomenon is in direct contrast to numerical models by Jordan and Flemings (1989), where
the static load advances uniformly along an infinite plane. Locality-specific thrusting is the
result of the advance of discrete sectors of the fold and thrus belt. Fault movement is con-
trolled by the interplay of a lateral compressive force, which is resisted by gravity acting on the
overthrust mass and friction on the fault plane.
2.3.2 Effect of the underriding plate
Early studies of retroarc foreland basins attributed subsidence solely to the static load of the
orogen (Beaumont, 1981; Jordan, 1981). Computational models, however, suggest that the
static load can only produce a foredeep depozone a few hundred kilometres wide (e.g. Burgess
et al., 1997). For example, the static load cannot account for he lateral extent of WCFB
sediments, which onlap on to the Canadian Shield (Mitrovicaet l., 1989; Figure 2.6).
Dynamic topography is the vertical displacement (or subsidence) of the Earth’s surface
generated in response to flow within the mantle (Richards andHager, 1984). This vertical
displacement is largely controlled by the temperature of the subducting slab (Mitrovica and
Jarvis, 1985; Mitrovica et al., 1989). As the cool and dense oceanic lithosphere subducts and
displaces the hot and buoyant asthenosphere, the overriding crust subsides due to replacement
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Figure 2.5: Stages in Puskwaskau alloformation accumulation. A) Isopach map of the entire
alloformation spanning approximately 2.5 Myr. B) Unit I. C) Unit II. D) Unit III. Along-strike
shifts in the position of the depocentre from B to D indicate relatively rapid shifts in static
loading (Hu and Plint, 2009; Plint et al., 2012).
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Figure 2.6: Schematic diagram showing principal loads in A. peripheral and B. retroarc fore-
land basin systems. The topographic load (orogen), the basin fill load, and the subduction load 
affect foreland basin morphology (DeCelles and Giles, 1996).
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Figure 2.7: Comparison of computational isopach maps from the Rocky Mountain foreland basin generated by (a) a steep subducting slab
during Albian-Santonian (short wave-length, thrust-driven subsidence), (b) a shallow subducting slab during Campanian-Maastrichtian
(longer-wavelength dynamic-slab driven subsidence) (contours in kilometres) (Cross, 1986).
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of the buoyant asthenosphere with a cold and dense slab (Mitrovica et al., 1989). Additional 
subsidence occurs as the result of the viscous coupling between the continental plate and the 
downward-circulating mantle material entrained by the cool subducting slab. This interaction 
results in a ’dynamic load’ which acts to pull down the overriding continental plate (DeCelles 
and Giles, 1996; Figure 2.6). Geodynamic models of underriding oceanic crust reveal that 
rapid and/or shallow subduc-tion (<45o) creates a mantle flow between the subducting slab 
and the overriding continental crust, resulting in additional effects on subsidence (Mitrovica et 
al., 1989). For example, a subduction angle of 20o can result in a 1,500 km-wide basin 
(Mitrovica et al., 1989; Figure 2.7).
Jordan et al. (1983) and Jordan (1995) postulated that the angle at which the oceanic plate 
is subducted could produce differential subsidence in the continental crust. Along-strike vari-
ations in the subduction angle of the underriding plate in the Andes mountains creates along-
strike variations in the geometry of the foreland basin. From 18-24oS, a thin-skinned thrust 
belt borders an asymmetrical foreland basin, whereas further to south (at 27-33oS and 
33-40oS), reverse faults and backarc alkaline basalts exist (Jordan et al., 1983). Therefore, 
oceanward-convex subducting plates produce flatter subduction whereas concave subducting 
plates gener-ated steeper subduction. This flat subduction of the underriding plate affects heat 
flow to the overriding plate, which allows it to cool, and fail by faulting (Jordan et al., 1983).
2.4 Evolution of the Western Canada Foreland Basin
The Western Canada Foreland Basin succession comprises sedimentary successions ranging in 
age from middle Jurassic to Recent. The thickness of the foreland basin sedimentary fill 
gradually increases southwestward over a distance of 600 to 1200 km (Wright et al., 1994). 
Fill of the foreland basin is up to 6 km thick at the fold-and-thrust belt, pinching out gradually 
to a zero-edge along the Precambrian craton (Porter et al., 1982). These deposits overlie a 
wedge of late Precambrian and Paleozoic sedimentary strata that overlies crystalline basement 
and records a passive margin depositional phase. The passive margin and overlying foreland 
basin packages collectively form the sedimentary fill of Western Canada Sedimentary Basin.
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Figure 2.8: An east to west geological cross-section across the Western Canada Sedimentary Basin. ”C” and ”L” along the time-scale
approximate the timing of the Columbian and Laramide orogenies, respectively (Wright et al., 1994).
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2.4.1 Passive margin phase
Prior to the subduction of the Farallon Plate beneath North America during the breakup of
Pangea, the western margin of North America was a passive continental margin dominated by
carbonates and siliciclastic sediments up to 20 km thick (Price, 1981).
2.4.2 Intermontane Terrane collision: transition to foreland basin phase
The evolution of the Rocky Mountain Cordillera is dominated by the interaction of the sta-
ble North American plate and the Farallon oceanic plate. Compressive deformation of the
Cordillera took place in two phases during the Late Jurassic to Early Cretaceous (known as the
Columbian Orogeny) and the Late Cretaceous to Paleocene. The second phase of compressive
deformation is termed ”The Laramide Orogeny” in the United States. This nomenclature is
often adopted in Canadian literature, and refers to a style of subduction specific to the Basin
and Range of western United States, but which is not applicable to Canadian strata.
During the Middle Jurassic, the opening of the Atlantic Ocean led to northwestward migra-
tion of the North American plate (Dickinson, 2004). This resulted in subduction of the oceanic
Farralon plate and led to the first episode of amalgamation of intraoceanic exotic terranes,
collectively known as the Intermontane Terrane. Collision of the Intermontane Terrane with
North America resulted in a rapidly subsiding foredeep trough in the Late Jurassic (Monger
et al., 1982; Dickinson, 2004; Figure 2.10). The collision caused metamorphism and the cre-
ation of a calc-alkalic magmatic arc known as the Omineca Belt Armstrong and Ward, 1993;
Figure 2.9). This event is known as the Columbian Orogeny.
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The Columbian Orogeny marks the first pulse of subsidence in the foreland basin that re-
sulted in flooding of the western interior of North America. Upper Jurassic rocks of the Passage
Beds, and the Fernie and Nikanassin formations record early foreland basin development and
clastic input from the west (Poulton et al., 1994). Continued uplift in the Late Jurassic to Early
Cretaceous delivered abundant coarse clastic sediment to terrestrial environments.
Early Cretaceous inundation of the Western Interior Basin occurred only in the north dur-
ing the late Berriasian (Figure 2.11A). Following this initial flooding, a series of progressively
more southward incursions occurred. The most rapid and widespread pre-Late Albian trans-
gression reached as far south as the Canadian-US border during the Early Albian. This event is
known as the Moosebar/Clearwater transgression (Caldwell, 1984; Figure 2.11B). The Clear-
water transgressive-regressive cycle is interpreted as the basal third-order sea level fluctuation
of the Kiowa-Skull Creek Cycle (Kauffman, 1969, 1977; Kauffman et al., 1993).
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Figure 2.9: Schematic map of main tectonostratigraphic belts of Western Canada (modified
from Evenchick et al., 2007)
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Figure 2.10: Time and space relations of terrane accretion in the southern Canadian Cordillera.
The large terranes - Quesnellia, Stikinia, Wrangellia, and Alexander are largely dominated
by oceanic volcanic rocks. These larger terranes are bordered by accreted deep-ocean-basin
sedimentary rocks, basaltic volcanic rocks, and bodies of ultramafic rock of the Slide Moun-
tain, Cache Creek, Bridge River, Hozameen, Pacific Rim, and Chugach terranes (Monger and
Price, 1979). The Kootenay Terrane consists of mostly lower Paleozoic pelites, with intruded
Devonian granites. Modified after Monger et al. (1982) and Price et al. (1985).
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Figure 2.11: Generalized paleogeographic maps illustrating major transgressions from: A) Berriasian (maximum flooding n
Valanginian); B) Early Albian (Moosebar/Clearwater Sea); C) early Late Albian (Skull Creek Sea); D) late Late Albian (Mowry Sea);
and E) Cenomanian. Modified from Slattery et al. (2015).
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The Mannville Group and equivalent strata were deposited from the late Barremian to the
Early Albian. The Mannville Group rocks record a pulse of subsidence that resulted in the
deposition of an eastern thinning wedge of coastal to nearshore clastic material (Smith and
Leckie, 1990). Subsidence during this time can be linked to thrust-loading of the Cordillera
and Omineca Belt due to left-lateral movement of the Stikine and Yukon-Tanana terranes (Plint
et al., 2012; Figure 2.12A).
Post-Mannville strata of the Colorado/Alberta Group range from the late middle Albian to
Early Campanian, and are dominated by mudstones with thin sandstone bodies that include the
Viking, Dunvegan, and Cardium formations (Leckie et al., 1994). During the early Late Albian
a major third-order transgression, known as the Skull Creek transgressive-regressive couplet
of the Kiowa-Skull Creek Cycle, connected the northern Boreal Sea and the southern Gulf of
Mexico (Figure 2.11C). This cycle records rapidly rising global sea level in response to mid-
dle Cretaceous plate tectonic movement and emplacement of the eastern Pacific superplume
(Larson, 1991a,b).
Major eustatic fall, beginning in the middle Late Albian, marked the end of the Skull Creek
transgressive-regressive cycle and coincided with widespread deposition of shallow marine
sandstones of the Viking Formation. Early Viking allomembers were deposited in a time of
tectonic quiescence (Plint et al., 2012). During the Late Albian to Early Cenomanian, tectonic
subsidence resumed and resulted in the deposition of Viking allomember VD and the Westgate
alloformation (Figure 2.12C). In addition, eustatic rise through the late Late Albian and Early
Cenomanian led to the transgression of the Mowry Sea from the north, that reached as far south
as Colorado (Figure 2.11D). Continued eustatic rise across the Albian-Cenomanian boundary
led to a merging of the Mowry Sea with the Gulf of Mexico to form the through-going Green-
horn Seaway (Figure 2.11E). This event is marked by the Fish Scales Formation in western
Canada (Figure 2.12D) (Schröder-Adams et al., 1996).
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2.4.3 Late Cretaceous to Paleocene: Insular Terrane collision
The collision of the Insular Terrane with North America marked the onset of the Laramide
Orogeny in the United States. During collision of the Insular Terrane from the Late Cretaceous
to the Paleocene, thrusting commenced in a dextral-oblique motion, resulting in up to 200 km
of shortening in SW Alberta from the Early Campanian to the late Eocene (Price, 1981).
In the Alberta Foothills, up to 4 km of silici-clastic sediment was deposited as the result
of this collision. This clastic wedge contains two main units 1) the Belly River Formation and
the Edmonton Group, which are dominated by fluvial and shallow marine systems and 2) the
fluvial Scollard and Paskapoo formations.
2.5 Fundamentals of Sequence Stratigraphy
Sequence stratigraphyis formally defined as,”The study of rock relationships within a chronos-
tratigraphic framework wherein the succession of rocks is cyclic and composed of genetically
related stratal units (sequences and [geometric] systems tracts)”(Posamentier et al., 1988 and
Catuneanu et al., 2011). It is a method by which depositional history can be unravelled. The ob-
jective of sequence stratigraphy is to determine how sedimentary successions were built up in
relation to one another (Christie-Blick and Driscoll, 1995). Sequence stratigraphy can assist in
creating a predictive model for understanding basin evolution (Posamentier et al., 1988). In se-
quence stratigraphy, discontinuities are correlated to determine temporal relationships between
rock bodies. Using this methodology, researchers can build arelative time frameworkbased on
key erosional surfaces to relate laterally variable sedimentary facies, map facies distributions
for small intervals of time in order to reconstruct the paleogeography, determine the causes of
relative sea level change (eustasy or tectonic effects), and integrate findings into chrono- and
biostratigraphic frameworks.
Prior to the development of sequence stratigraphy, early sedimentary geology in the 1960s
to late 1970s focussed on describing and interpreting sedimentary facies. Very little emphasis
32
Figure 2.12: Relationship between terrane movement and accretion and isopach maps of Cre-
taceous units. A) Barremian to earliest Albian - represented by the Lower Mannville; B) Early
Albian - represented by the Upper Mannville; C) Middle Albian to Early Cenomanian - rep-
resented by the late Viking Formation and Westgate Formation; D) Early Turonian to mid-
dle Santonian - Kaskapau unit II to Puskwaskau unit 2 (Figure modified from Plint et al.,
2012). Abbreviations: Yukon-Tanana Terrane (YTT), Stikine (ST), Cassiar Terrane (CA),
Cassiar batholith (C), Glenlyon batholith (GL), Dawson Range batholith (DR), Insular Belt
(INB), Western Coast Belt (WCB), Eastern Coast Belt (ECB), Omineca Belt (OB), foreland
belt (FB), Fairbanks Magmatic Belt (F), Tombstone Magmatic Belts (TB), North American
Craton (NAC), northern Rocky Mountain Trench fault (NRMT), Late Jurassic Bowser Basin
(B), Peach River Arch (PRA).
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was placed on how packages of rock in a basin related to one another. Although the basis for
sequence stratigraphy began in the 1950s (Blackwelder, 1909; Grabau, 1913; Barrell, 1917;
Grabau and Carozzi, 1940; Rich, 1951; Wheeler and Murray, 1957) the availability of a library
of regional marine surveys in the 1970s allowed Exxon researchers to relate seismic reflectors
to geological contacts identified in drilling results. Geologists observed stratigraphic termina-
tions such as onlap, toplap, and downlap; geometric features that record lateral and vertical
shifts of depositional environments. These surfaces and observed discontinuities have been
used as approximate time lines and give geologists insight into the evolution of a basin. Ad-
ditionally, seismic sections paired with core analysis aided in understanding how facies were
related to one another on a basin-scale (Vail et al., 1977) (Figure 2.13).
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Figure 2.13: Principal geometric features (lap out patterns) of reflectors observed in seismic sections (modified from Vail, 1987).
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Sequence architecture and systems tract nomenclature were developed by Exxon, led by
Peter Vail, and included a new terminology, derived from earlier work by Blackwelder 1909;
Grabau 1913; Barrell 1917; Grabau and Carozzi 1940; Rich 1951; Wheeler and Murray 1957;
Miall 2010 and others. Sequence stratigraphy and its new terminology allowed researchers to
combine different types of data (outcrop, wireline, 2-D seismic, 3-D seismic) into one model in
an attempt to understand basin evolution (Miall, 2010). However, the emergence of sequence
stratigraphy resulted in two challenges in stratigraphic interpretations: 1) The emergence of the
global sea level curve (Haq et al., 1987) was regarded to be a superior standard for chronos-
tratigraphy. Therefore, biostratigraphic ages based on correlations were revised to ”fit” the
global sea level curve; 2) The attribution of all sea level changes to eustasy and changes in
ocean basin volumes (Vail et al., 1977). Regional processes such as tectonism and changes
in sediment supply were deemed to affect only the amplitude of sea level change, but not the
frequency (Vail et al., 1991). Additionally, many stratigraphers working in varying tectonic
and depositional settings, and with different sediment types were often not able to apply the
sequence stratigraphic model perfectly to their study areas. Therefore each methodology de-
veloped in these varying depositional environments provided the optimum approach under the
right circumstances. Due to these variations in methodology, sequence stratigraphy remained
the only stratigraphic framework that had no standardized stratigraphic code until 2011 (Fig-
ures 2.14, 2.15) (Catuneanu et al., 2009, 2011). Catuneanu et al. (2011) summarized the new
concepts of sequence stratigraphy thus:”The debates that punctuated the last three decades
led to the realization that all approaches are correct under the specific circumstances for which
they are proposed, (pages 232 - 233).
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Figure 2.14: The evolution and variations in sequence stratigraphic models (Donovan, 2001; Catuneanu et al., 2009). Various researchers
use variations on the original sequence stratigraphic model, the NACSN refuses to formally recognize sequence stratigraphy as a formal
stratigraphic framework.
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Figure 2.15: Nomenclature of systems tracts and timing of sequence boundaries (highlighted in bold red lines) for varying sequence
stratigraphic models (related to above figure). Abbreviations: LST - lowstand systems tract, HST - highstand systems tract, TST -
transgressive systems tract, FSST - falling stage systems tract, CC**- correlative conformity, MFS - maximum flooding surface, MRS -
maximum regressive surface. From (Catuneanu et al., 2009).
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2.5.1 Depositional systems
Depositional systemswere first defined informally by Fisher and McGowen (1967) to represent
rock units (also termed lithofacies) that were grouped together on a regional scale according
to process-related assemblages of facies (e.g., fluvial system, delta system, etc.). Swift and
Thorne (1991) expanded on this definition by proposing that rocks within a depositional system
are related to one another by a dispersal system (Figure 2.16).
Using this process-related terminology led to the development of depositional systems
tracts, where in assemblages of facies are linked to the same relative position of sea level
(Brown and Fisher, 1977). Therefore, in a depositional systems tract, lateral facies assem-
blages are conformable and Walther’s Law applies. Walther’s Law states:
”The various deposits of the same facies areas and similarly the sum of the rocks of different
facies areas are formed beside each other in space, though in cross-section we see them lying
on top of each other. As with biotopes, it is a basic statement of far-reaching significance
that only those facies and facies areas can be superimposed primarily which can be observed
beside each other at the present time.”
Additionally, depositional sequences are bounded by flooding surfaces, which record major
changes in relative sea level.
2.5.2 Accommodation and sediment supply
Sequences reflect the sedimentary response to base level change (Blackwelder, 1909; Grabau,
1913; Barrell, 1917; Grabau and Carozzi, 1940; Rich, 1951; Wheeler and Murray, 1957; Mi-
all, 2010). In marine sequence stratigraphy,base levelis effectively equivalent to sea level
(Catuneanu, 2006). In order for sediments to accumulate (and become preserved in the geolog-
ical record), space must be available below base level (sea level) (Jervey, 1988). Accommoda-
tion is the space available below sea level and is a function of eustasy and tectonism. Marine
accommodation is controlled primarily by basin tectonism and global eustasy, but on shorter
time scales is controlled by fluctuations in the energy flux of currents and waves (Catuneanu
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Figure 2.16: The idealized dispersal system in various depositional environments (Fisher and
McGowen, 1967; Swift and Thorne, 1991).
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et al., 2011). In sequence stratigraphy (and allostratigraphy), because the mechanism that af-
fected sea level change in the geological record is not known to geologists, sea level change is
termedrelative sea level.
Miall (2010) stated that”sequences are a record of the balance between accommodation
and sediment supply”. If the rate of sediment supply increases while the rate of accommoda-
tion change remains the same, coastal progradation will occur. If the balance is changed and
accommodation increases while supply diminishes, coastal retrogradation will occur. The de-
positional systems that result from changes in accommodation and sediment supply are called
systems tracts (Figure 2.17).
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Figure 2.17: The ratio of accommodation and sediment supplyis the major control on sequences. Accommodation can be influenced by
tectonic subsidence or uplift and eustasy. Repeated upliftand climate can also affect sedimentation (modified from Miall 2010).
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2.5.3 Systems tracts
Vail (1987) subdivided depositional sequences based on the changes in geometric arrangements
of reflectors. These smaller units were termedsystems tracts, redefining the Brown and Fisher
(1977) systems tracts that were based solely on facies. In order to avoid confusion, Swift and
Thorne (1991) termed Vail’s systems tracts as geometric systems tracts and Brown and Fisher’s
as depositional systems tracts. Posamentier et al. (1988) defines systems tracts as,” linkage
of contemporaneous depositional systems...Each is defined objectively by stratal geometries at
bounding surfaces, position within the sequence, and internal parasequence stacking patterns”
(Figure 2.18). Systems tracts correspond to particular sets of facies that develop in response to
changes in accommodation and supply (Figure 2.18).
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(2010). Abbreviations: TST - transgressive systems tract, HST - highstand systems tract, FSST - falling stage systems tract, LST -
lowstand systems tract, MFS - maximum flooding surface, RSME - regressive surface of marine erosion, SU - subaerial unconformity,
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Systems tracts (controlled by the balance between rate of accommodation space creation
and rate of sediment supply) and their corresponding discontinuities form a predictable contin-
uum of relative sea level rise and fall (Figure 2.18). A sequence is developed during one full
cycle of transgression and regression beginning and ending with a sequence boundary. Prior
to Catuneanu et al. (2011), the sequence boundary was a subaerial unconformity. However,
following much debate, it was determined that the regressive surface of marine erosion hier-
archically precedes the subaerial unconformity as a sequence boundary and that all bounding
discontinuities are correct under the specific circumstances for which they were proposed.
Mitchum et al. (1977) originally divided the curve into three systems tracts- transgressive,
highstand and lowstand, which Posamentier et al. (1988) and Van Wagoner et al. (1988) later
formalized. In models by Posamentier et al. (1988) and Van Wagoner et al. (1988), the falling
limb of the relative sea level curve was either assigned to the early lowstand systems tract
(Posamentier et al., 1988), or the late highstand systems tract (Van Wagoner et al., 1988). This,
of course, was challenging as neither model addressed how one could get from normal regres-
sion in highstand system tracts to normal regression at the lowstand systems tract. Another
limitation with the original three systems tract Exxon model was that the distinction between
normal regression andforced regression due to negative accommodation was not made. To
address this time between highstand and lowstand, several authors proposed a variety of names
including, the ’forced regressive wedge’ systems tract (Hunt and Tucker, 1992), and ’forced
regressive’ systems tract (Helland-Hansen and Gjelberg, 1994). Plint and Nummedal (2000)
introduced the ’falling stage’ systems tract, resulting in the creation of the four systems tract
model-Falling stage systems tract (FSST), lowstand systems tract (LST), transgressive sys-
tems tract (TST)andhighstand systems tract (HST). Figure 2.18 details the major sedimentary
controls and depositional patterns during sequence development.
The onset of the falling stage systems tract (FSST) (Plint and Nummedal, 2000) is marked
by the regressive surface of marine erosion (RSME) (Figure 2.19). This surface is produced
during negative accommodation and wave scour begins to erode sediment (wave ravinement).
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During FSST, rivers may incise their valleys in an attempt toreach base level (which is falling).
Erosion of the coastal plain by rivers generates the subaerial erosion surface or subaerial un-
conformity (Vail, 1987).
As accommodation ceases to become negative and changes to neutral or slightly positive,
sedimentation promotes normal regression and is termed thelowstand systems tract (LST).
Because the shoreline has prograded basinward, fluvial processes dominate updip and palesols
may develop. Distally, the correlative conformity of the subaerial unconformity is developed.
The transgressive systems tract (TST) begins when accommodation is greater than sediment
supply (Figure 2.19). Coastal onlap and a landward shift in facies with progressive infilling of
incised valleys characterizes the TST. Lowstand marine deposits are overlain by wave- or tide-
influenced facies, and widespread coal deposits are common as la d becomes inundated with
water (Vail, 1987; Miall, 2010). As accommodation increases, a ravinement surface may erode
away sediment that is at, or below, wave base. Further offsh re, sediment starvation due to low
clastic input causes the development of a a condensed section. The maximum flooding surface
(MFS) marks the maximum landward position of the shoreline.I deep marine environments,
the MFS is typified by a condensed section that may consist of chemically precipitated ma-
terials such as glauconite or phosphate nodules. The maximum flooding surface divides the
transgressive systems tract from the highstand systems tract.
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Figure 2.19: Generalized model for development of progradational shoreface sandstone bodies and detached ’offshor bars’ on a low-
gradient, wave-dominated shelf. A) A shoreface (highstand systems tract) progrades as sea level slowly rises, producing a gradational-
based succession (column 1). As relative sea level falls through levels B-F, accommodation becomes negative due to forced regression
which often leads to the development of a sharp-based shoreface (columns 2, 3). Level G represents the lowstand shoreface. B) Lowstand
deposition ends when the rate of sea level rise exceeds the rate of sediment supply, leading to transgression (level H). As the shoreline is
driven landward, wave erosion strips off underlying sediment forming a wave ravinement surface. Ravinement erosion removes falling
stage shoreface sandstones (columns 8, 9) and the regressive package is blanketed marine mudstone. Lowstand sandstones are left
isolated and enclosed in offshore marine mudstone (columns 10 12). From Plint (2010) based on Plint (1988).
47
The highstand systems tract (HST) is characterized by shoreline progradation, wherein
accommodation is still increasing (at a lower rate than the TST), but sediment supply outpaces
accommodation. HST is, therefore, characterized by normalegression of coastal systems
(Vail, 1987; Miall, 2010) (Figure 2.18).
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Chapter 3
SHALLOW MARINE SEDIMENTATION
”You’re paying way too much for worms, man. Who’s your worm guy?”
- Creed Bratton,The Office
3.1 Introduction
Siliciclastic sediments deposited in the middle Late Albian mark a major eustatic fall that led to 
the deposition of widespread shallow marine sandstones in the WCFB. These shallow marine 
sandstones, corresponding to the Viking Formation, record a time of little or no subsidence fol-
lowing the Columbian Orogeny. This chapter will examine, in detail, shallow marine sediments 
with the aim of understanding the Late Albian depositional evolution of the WCFB.
3.2 Background
Coastlines are ever-changing features of the Earth’s surface. They are affected by global 
fluctuations in sea level, more locally by high clastic flux from the hinterland flushing 
sediment-laden freshwater into the marine realm, and storms distributing coarser sediment 
distally the shelf. Much of the sediment carried by rivers is fed into the oceans via deltas. 
Deltas form when sediment-laden freshwater enters a standing body of water and loses the 
competence to carry sediment (Bhattacharya, 2010). This sediment is then deposited along 
modern shelves within relatively shallow water (<100 m) and on low topography surfaces 
(Plint, 2010). 
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Sediment dispersal is complex; and depends on river outflow density (hyperpycnal, 
homopycnal, or hypopycnal) compared to the standing body of water; the interaction of the 
river plume with marine processes uch as tides, storms and ocean currents; the location of the 
delta in the basin; the grain size of sediment outflow; the basin morphology, etc (Bhattacharya, 
2010). Deltas are categorized based on the processes that affect their morphology. Three types 
of delta end-member morphologies exist: river-dominated, wave-dominated, and tide-
influenced. In reality, all deltas, to some extent, are influenced by rivers, waves, and tides.
Sediment that enters the oceans is either deposited along the delta shoreface, or the 
prodelta (Figure 3.1). Although historically interpreted as the area where fine mud and silt 
settled out of suspension following floods or storms, the sediment deposited in prodelta 
environments is now interpreted to have been deposited by several mechanisms, including 
dense hyperpycnal flows or by collapsing hypopycnal plumes. In addition to diverse modes of 
deposition, prodeltas can contain variable levels of bioturbation, syneresis cracks in response 
to freshwater incursion, and sand lenses in response to powerful storms carrying sediment 
further into the basin.
Further along the shore and away from the influence of deltas, wave-dominated shallow 
marine shelf is composed of foreshore, shoreface, and offshore components. The foreshore 
(colloquially, a beach) is the zone above the low tide mark and is dominated by breaking wave 
action. The shoreface is relatively steep (1:200 in sandy sediments), and typically 5 - 10 m 
high. The shoreface can be further divided into the upper, middle, and lower units (Figure 
3.2). These divisions are classified by their proximity to shore and the sedimentary structures 
present. Seaward of the shoreface, the offshore zone (gradient typically 1:1000 to 1:2000) is 
dominated by mud and sand deposits. The offshore zone grades distally to muddier sediments 
that were deposited below fairweather wave base. On progradational shelves, sands 
transported by storms under combined flows may extend tens of kilometres seaward onto the 
shelf (Plint, 2010) (Figure 3.2).
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Figure 3.1: A block diagram illustrating storm sedimentation along a shallow shelf as sediment-laden freshwater from deltas is redis-
tributed along the shelf. From Plint (2014).
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SWB
Figure 3.2: Generic shallow marine wave-dominated shoreface showing the main physiographic divisions (Plint, 2010). FWWB=
fairweather wave base, SWB= storm wave base.
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Figure 3.3: Behaviour of waves entering shallow water (Plint, 2010). Under fairweather conditions, wave orbitals in the offshor zone
cannot impinge upon the sea floor and therefore remain circular. As waves enter shallow water, orbitals become progressively more
elliptical due to frictional drag along the sediment-water interface which causes particles to move back-and-forth until the orbit decays
to a simple back and forth motion at the bed.
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Oscillatory currents generated by the orbital motion of waves drive beach and shoreface 
sediment ransport. As waves enter shallow water, wave orbitals become strongly asymmetrical 
and the frictional drag of the orbital meeting the seafloor causes the wave crests to topple 
forward, resulting in transport of water towards the beach (Figure 3.3).
Despite their short durations, storms are capable of transporting sediment efficiently across 
a shelf. During a storm, the frictional coupling of wind and the sea surface causes the water 
mass to rise as much as several metres at the shore. This coastal set-up (or ”storm surge”) 
results in a hydraulic pressure build-up, which drives a bottom current that flows seaward 
down the pressure gradient (Plint, 2010). This current is deflected to the right in the Northern 
Hemisphere due to the Coriolis force, resulting in a geostrophic flow that moves obliquely 
offshore (Plint, 2010). Geostrophic flows can persist for days if winds are sufficiently strong to 
create a pressure gradient (Figure 3.4). During storms, slow moving geostrophic flows and fast-
moving wave-induced oscillatory flows are the most important currents in terms of sediment 
transport (Plint, 2010). Studies from the Texas Gulf coast determined that fair weather waves 
entrained very fine-grained sand down to about 7 m water depth, whereas during Hurricane 
Carla (September 1961), 12 m high waves were capable of moving very fine-grained sand to a 
water depth of 115 m (Snedden and Nummendal, 1991).
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Figure 3.4: Development of a geostrophic flow as the result ofa pressure gradient created due
to wind energy (Plint, 2010). Geostrophic flows, coupled with wave-induced oscillatory flows,
are capable of moving sediment hundreds of km away from the shore.
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3.2.1 Effects of grain-size and hydraulic conditions
The development of sedimentary structures is a function of hydraulic conditions (oscillatory
versus unidirectional flow, and flow depths) and grain size. Under unidirectional or oscillatory
flows, bedform development is relatively simple compared tothe interaction between unidirec-
tional and oscillatory flows (Figure 3.5) (e.g., Greenwood and Sherman, 1986; Southard and
Boguchwal, 1990; Arnott and Southard, 1990).
On a clastic shelf, under a combined flow, the development of hummocky cross-stratification,
swaley cross-stratification, large and small oscillatory ripples, and plane bed is dependent upon
the periodicity of the waves, and the grain size (Dumas et al., 2005). For example, particles
with a grain size of 0.22 mm (fine- to medium-grained sand) will result in plane bed develop-
ment at an orbital velocity of 120 cm/s regardless of the unidirectional velocity (speed of the
geostrophic flow) (Dumas et al., 2005) (Figure 3.6). The formation of subaqueous dunes will
occur if the unidirectional component of the combined flow isstrong enough to overcome for
the oscillatory current (Dumas et al., 2005). Trough cross-bedding (in medium-grained sand)
is formed by the migration of subaqueous dunes produced by longshore and shore-normal
currents (Clifton et al., 1971). Dunes are very common in upper shoreface longshore bars if
composed of upper fine- to coarse-grained sand. If medium- tocoarse-grained sand is avail-
able, dune-scale cross-bedding, with complex orientations, will be widely developed across the
shoreface (Clifton, 1981; Wignall et al., 1996).
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Figure 3.5: Bedform stability diagram for unidirectional flows (Southard and Boguchwal, 1990).
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Figure 3.6: Combined flow phase diagrams with oscillatory and unidirectional velocity at axes. Modified from Dumas et al. (2005).
Bedform development depends on the grainsize, and periodicity of the wave. A) grainsize: 0.14 mm, period: 10.5 seconds; B) grainsize:
0.14 mm, period: 8.0 seconds; C) grainsize: 0.22 mm, period: 10.5 seconds.
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Sedimentary structures on a storm-dominated clastic shelf are often generated by the cou-
pling of both long-term (hours to days) unidirectional currents, and short-term (seconds) oscil-
latory currents. Due to a thin boundary layer (<10 cm), oscillatory flows under storm condi-
tions are fast (>50 cm/s) and are capable of suppressing the formation of dunes or large ripples 
in favour of plane bed conditions in fine-grained sand (Clifton, 1976). For example, if oscil-
latory currents are between 20 cm/s to 50 cm/s and the unidirectional component of flow is 
<10 cm/s, small symmetrical ripples form. However, if the unidirectional flow progressively 
increases to 10 cm/s, small asymmetrical ripples form (Dumas et al., 2005). There are many 
permutations of velocity and grain size that will generate a complex array of sedimentary struc-
tures (Figure 3.7, 3.8), and it is important to understand that numerous factors affect bedform 
development. An in-depth discussion of bedforms and their interpretation is discussed in the 
facies section of this chapter.
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Figure 3.7: Small-scale combined flow diagrams with oscillatory and unidirectional velocity. Arrows at the top of each bedform indicate
the oscillatory and unidirectional velocities needed to develop the bedform. From Dumas et al. (2005).
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Figure 3.8: Large-scale combined flow diagrams with oscillatory and unidirectional velocity. Arrows at the top of each bedform indicate
the oscillatory and unidirectional velocities needed to develop the bedform. From Dumas et al. (2005).
61
3.2.2 Mud transport and deposition on a shelf
Over the past 25 years, research into the dispersal, transport, and erosion of mud has experi-
enced a paradigm shift, beginning with (e.g., Schieber, 1994a,b). Prior to this, river-supplied 
mud was understood to be slowly deposited vertically from suspension in relatively deep, calm 
waters. Re-evaluation of mud deposition has led to recent experimental research and studies 
of ancient mudstone that demonstrate that mud deposition is far more complex than suspen-
sion settling in deep marine environments (Schieber, 1994a,b, 1998; Macquaker and Bohacs, 
2007; Schieber et al., 2007; Bhattacharya nd MacEachern, 2009; Ichaso and Dalrymple, 2009; 
Plint et al., 2009; Aplin and Macquaker, 2011; Ghadeer and Macquaker, 2011, 2012; Xu et al., 
2012). These studies have led to the realization that mud is often transported laterally as 
aggregates over long distances, mediated by along-shelf currents (Figure 3.9, 3.10).
In coastal marine settings, sediment dispersal and accumulation patterns are controlled by 
three basic physical forces: 1) river discharge inertia; 2) turbulent bed friction outboard of the 
river mouth; and 3) river discharge density (Wright, 1977). In shallow coastal areas, the effects 
of bed friction are enhanced, leading to more rapid deceleration and lateral expansion of the 
discharge (Wright, 1977). Once sediment has entered the ocean, the suspended load is subject 
to various mechanisms of re-distribution in the form of density flows and wave, tide, storm, or 
ocean currents.
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3.2.2.1 Density-driven flows
In his treatise on river mouth mechanics, Bates (1953) recognized three types of river effluents: 
hypopycnal, homopycnal, and hyperpycnal. The prefixes, hypo-,homo-, and hyper- meaning 
under, same, and over, respectively, in Greek. Hypopycnal flows are best typified by the Mis-
sissippi River mouth. These buoyant plumes of river discharge have long been recognized as 
the principal mechanism for the dispersal of mud. Suspended sediment in hypopycnal plumes 
tend to continuously settle or rain out over the deltaic slope or prodelta (Nemec et al., 1995). 
Despite considerable mixing with the ambient water column, hypopycnal flows may persist if 
the discharge characteristics and temperature remain the same. The density layering between 
the plume and the ambient water may persist over relatively long distances, up to 300 km or 
more laterally (Tabata and Pickard, 1957; Syvitski et al., 1985; Nemec et al., 1995). Homopy-
cnal effluents have the same bulk density as that of the receiving basin and are not common, 
particularly in marine basins. A hyperpycnal flow is a dense plume of river discharge that flows 
along the sea floor due to its relatively high density when compared to the ambient density of 
the standing body of water (Mulder and Syvitski, 1995). Hyperpycnal flows are capable of 
eroding the sea floor and becoming self-maintained for a period of hours to weeks (Mulder and 
Syvitski, 1995). In a statistical analysis of 147 rivers, Mulder and Syvitski (1995) estimated 
that hyperpycnal flows are responsible for redistributing 65% of the global particle load carried 
by rivers. The volume of water carried by rivers with an annual discharge of 500 m3/s sup-
presses the formation of hyperpycnal flows due to decreased of sediment concentration, and 
therefore decreased water mass density (Mulder and Syvitski, 1995).
Coates and MacEachern (2007) recognized the product of deposition from hyperpycnal 
flows in prodelta mudstones of river-dominated delta successions in the Upper Cretaceous 
Dunvegan allomember E. These structureless mudstones were interpreted to be associated with 
river floods and/or post-storm heightened distributary discharge (MacEachern et al., 2005)
(Figure 3.11). Mud intervals contain little to no burrowing, and locally possess abundant 
synersis cracks, indicative of freshwater incursion. These fluid mud deposits are interbed-
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Figure 3.9: An idealized model for the accumulation and propogation of mud down-drift of a
river mouth. Resuspension by storms and along-shelf currents r sults in a mud wedge (sub-
aqueous delta) that can extend over 100 km. From Plint (2010).
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ded with wavy parallel lamination, oscillation ripples, and combined flow ripples, indicative of
waning storm conditions (Coates and MacEachern, 2007).
3.2.2.2 Wave-enhanced sediment gravity flows
In a 19-day time series of fluid flow and suspended-sediment chara teristics of the prodelta
region of the Amazon delta, Sternberg et al. (1996) observedthat near-bed steady and oscilla-
tory flows created by tidal currents and waves were capable ofr -suspending mud from delta
topsets and transporting it to the prodelta in 14 hours. Thisstudy was the first to associate
gravity-driven mud transport on shelves with strong waves and currents.
A study of the Eel River in California by the US Office of Naval Research and STRATAFORM
aimed to investigate sediment dynamics on a wave-dominated, tectonically active, narrow shelf
(Nittrouer, 1999). This study contradicted what researchers anticipated and found that near-bed
sediment-gravity flows associated with strong waves and currents were largely responsible for
moving sediment across shelf (Wright and Friedrichs, 2006).
In further studies of the Eel River, Ogston et al. (2000) observed that suspended sediment
concentrations exceeded tens of g/L near the seabed during a major river-flood event and the
seaward deposition of mud was driven by gravitational forcing and not slow, passive sedimen-
tation as previously thought. Continuing research on the Eel River by Puig et al. (2004) noted
that sediment flows into the Eel River submarine canyon were not related to the formation of
fluid muds on the shelf, nor to wave-current sediment resuspension at the head of the canyon.
Rather, flow was induced by sediment liquefaction initiatedby excess pore pressures owing to
wave loading during storms and the steep slopes at the head ofthe canyon.
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Figure 3.11: Examples of muds deposited as the result of hyperp cnal flow from Dunvegan
allomember E from Coates and MacEachern (2007). Evidence ofsyneresis cracks (Sy) and
low intensity bioturbation with traces ofPlanolites(P) indicate an inhospitable environment
dominated by river floods.
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Figure 3.12: Illustration of conditions required to produce wave-enhanced sediment gravity flows (WSGEFs). Top: orbital motion of
waves is intense and turbulent through the wave boundary layer. Sediment is concentrated in the wave boundary layer and co centration
decreases with elevation above the sea bed. Bedforms associted with turbulent flow develop (unit A). Bottom: As sediment concentra-
tion increases in the wave boundary layer, viscosity increases, suppressing turbulence and resulting in laminar flow. Bedforms developed
during turbulent flow become inactive, while shear mixing atthe base of the laminar flow and mixing of sediment in suspension results
in the deposition of intercalated silt and clay laminae (unit B). Unit C accumulates during lutocline collapse as the flowwanes. From
Macquaker et al. (2010).
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Following Sternberg et al. (1996), studies of modern marineshelf environments have shown
that a combination of wave energy and gravity is capable of maintaining dense sediment flows,
even on gradients too low to maintain auto-suspending currents (Friedrichs and Wright, 2004).
The energy required to maintain silt and clay in suspension is provided by the orbital mo-
tion of surface gravity waves. Turbulence, therefore, is generated by shear within the wave
boundary layer. In the absence of wave- or current-induced velocity shear on low-gradient
slopes, gravity-driven transport on most shelves would be negligible (Wright and Friedrichs,
2006). Macquaker et al. (2010) named these wave-induced mudflows ”wave-enhanced sed-
iment gravity flows” (WESGFs). WESGFs are capable of flowing oslopes as low as 0.5
m/km. WESGFs are produced by a distinct, three-phase evolution. First, wave erosion and
resuspension of sediments in the middle to inner-shelf. During this phase, flow within the
wave-boundary layer is turbulent. A high concentration of suspended sediment develops near
the bed (called the lutocline) and dampens turbulence, producing laminar flow (Hsu et al.,
2007). Second, downslope-propagating development of suspended sediment within the wave-
boundary layer, until finally, wave resuspension decreases, leading to the development of silt
and clay drapes (unit C) in Figure 3.12. Petrographic study of WESGFs found a three-part
internal stratigraphy: a silt-rich basal subunit with ripple laminae, abruptly overlain by silt/clay
laminae, and capped by an upper clay-rich drape (Figure 3.12).
3.2.3 Ichnology
Ichnology is the study of the biogenic structures made by theactivity of animals (MacEachern
et al., 2010). Trace fossils can include burrows, tracks or trails, feeding structures or escape
traces. Trace fossils are particularly important in sedimentology as the tracemaker is sensitive
to the environment (e.g., oxygenation, salinity, substrate type, and deposition rate). When
stressed, the tracemaker modifies its behaviour and interactions with the environment, leading
to different biogenic structures (MacEachern et al., 2010).
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Figure 3.13: The Bioturbation Index (BI) for mud- and sand-dominated facies using images from this thesis. 0 - Bioturbation is absent 
(location: 11-19-24-24W4, depth: 1488 m); 1 - Sparse bioturbation, bedding distinct (location: 11-19-24-24W4, depth: 1479 m); 2 -
Uncommon bioturbation, bedding distinct (location: 5-11-24-4W4, depth: 777.5 m); 3 - Moderate bioturbation (location: 11-19-24-
24W4, depth: 1484 m); 4 - Common bioturbation with indistinct bedding boundaries (location: 11-19-24-24W4, depth: 1479 m); 5-6 -
Abundant bioturbation to complete bioturbation, bedding completely disturbed (location: 4-3-38-25W4, depth: 1479 m).
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The response of an organism to environmental stress influences the suite. The intensity of
bioturbation (or bioturbation index; a value ranging from 0- 6) originally developed by Reineck
(1963) and subtly modified by Taylor and Goldring (1993) is a semi-quantitative approach. BI
was established to assess grades of bioturbation - it is non-li ear but does have upper and
lower limits of bioturbation percent relative to the primary fabric (Figure 3.13) (Bann et al.,
2008; MacEachern et al., 2010). Bioturbation intensity is measured from BI= 0 (bioturbation
absent) to BI= 6 (total homogenization of the sediment due to bioturbation).
The ichnofacies paradigm is a framework that depicts the distribution of strongly facies
controlled (e.g., environmentally controlled) groups of trace fossils that show both temporal
and spatial recurrence (MacEachern et al., 2012). These groups reflect specific organism be-
haviours (such as burrowing) (Figure 3.14). The following three ichnofacies are common in
shallow marine environments of this thesis, and represent softground associations.
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Skolithos Cruziana Zoophycos
Ethology
Substrate types
Depositional environment/ 
physical sedimentary
structures
Trace fossil orientation
Common trace fossils
Dominantly vertical domiciles, 
feeding can be variable. 
Suspension and deposit-feeding as
well as mobile carnivores and 
scavengers.
Surficial sediment
grazing.
High levels of wave and current 
energy. 
Typically developed in clean,
well-sorted, loose or shifting substrates. 
Abrupt changes in rates of deposition 
are common. 
Characteristic of subtidal, 
poorly-sorted or heterolithic, cohesive 
to semi-cohesive substrates. 
Depositional conditions range from 
long-term moderate-energy levels in 
shallow water below fair weather 
wavebase to low energy. 
Associated with short-lived storms. 
Variable substrate. 
This ichnofacies has a broad 
ecological presence.
Present in deep and shallow
water. 
Low energy environment 
Foreshore and shoreface. Where not modified or destroyed 
through bioturbation- sedimentary 
structures inlude parallel to sub-
parallel laminae, hummocky cross 
stratification, oscillation ripples, or 
trough cross bedded sandstone.
Extremely broad paleo-
depositional range.
Typically placed between
Cruziana and Nereites 
ichnofacies.
Possibly associated with
lower oxygen levels, higher 
organic content, and calm
water.
Predominantly cylindrical and vertical
U-shaped burrows.
Few horizontal structures.
Monospecific suites.
Predominance of dwelling burrows
constructed by suspension feeders or
carnivores.
In storm-dominated settings, suite is 
dominated by opportunistic to sub-
vertical dwelling structures associated 
with event beds. 
Horizontal dwellings, feeding, 
foraging, and grazing structures 
associated with fair weather or 
ambient suites. 
Predominantly horizontal or 
at a low angle to bedding; 
some cross-cutting structures
associated with penetrative 
dwelling and feeding 
structures.
Diplocraterion, Ophiomorpha, Rosselia,
Rhizocorallium, Schaubcylindrichnus,
Skolithos. 
Asterosoma, Chondrites, Diplocrate-
rion, Planolites, Phycosiphon, 
Rhizocorallium, Rosselia, Skolithos,
Teichichnus, Thalassinoides, 
Zoophycos.
Asterosoma, Chondrites, 
Planolites, Phycosiphon, 
Thalassinoides, Zoophycos. 
Characteristics
Ichnofacies
Figure 3.14: Summary of relevant ichnofacies of the Viking Formation and their associated substrate, depositional environments and
ethology. Modified from Bann et al. (2008); MacEachern et al. (2010).
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3.2.3.1 Softground Marine Ichnofacies
Skolithos Ichnofacies
The Skolithos Ichnofacies records the most shore-proximal grouping of shallow-marine 
fossils. These trace fossils are common in the foreshore and shoreface where high wave 
energy and loose, shifting substrates inhibit grazing (see MacEachern et al., 2012). The 
Skolithos Ichnofacies is dominated by cylindrical or U-shaped dwelling burrows locally lined 
with mud to provide structural support, and by monospecific fossil suites associated with 
shifting substrate (Figure 3.16).
Cruziana Ichnofacies
The Cruziana Ichnofacies is the most common association in shallow-marine deposits. Al-
though not fully constrained by water depth (cf. Frey et al., 1990), it is typically situated 
between the nearshore Skolithos and more distally positioned Zoophycos Ichnofacies. The 
Cruziana Ichnofacies is characterized by biogenic structures produced by suspension and de-
posit feeders, passive mobile carnivores and scavengers (Figure 3.17) (MacEachern et al., 
2005; Bann et al., 2008).
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Figure 3.15: Mud-lined burrows in theSkolithosIchnofacies recorded by a suite dominated by
Skolithos(Sk) andOphiomorpha(Op) from 11-9-24-25W4, depth 1517 m.
7
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Figure 3.16: An idealized proximal to distal shoreface and associated trace fossils (Seilacher, 1964; Bann et al., 2008; MacEachern et al.,
2010).
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Zoophycos Ichnofacies
The Zoophycos Ichnofacies is the most debated and least understood ichnofacies because 
the ichnogenus Zoophycos has extremely broad paleodepositional range. Its designation as 
a depth-related ichnofacies is therefore controversial (Bann et al., 2008; MacEachern et al., 
2012). In popular bathymetric schemes, the Zoophycos Ichnofacies lies between the Cruziana 
Ichnofacies and the Nereites Ichnofacies. Suites associated with this ichnofacies are dominated 
by surface foraging, and grazing structures (Figure 3.18) (Bann et al., 2008). One major en-
vironmental control represented by this ichnofacies may be low oxygen levels associated with 
organic-rich sediments (e.g., Frey and Seilacher, 1980).
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Figure 3.17: Bioturbated (BI 5) sandy mudstone of the proximal upper offshore, with a diverse
suite that includesZoophycos(Z), Planolites(P), Chondrites(Ch), Teichichnus(Te), Schaub-
cylindrichnus(Sc) andAsterosoma(As). Image from 15-21-26-21W4, depth 1317.25 m
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Figure 3.18: Silty and sandy mudstone of the slope with BI 3, dominated byZoophycos(Z),
Rhyzocorallium(Rh), andPlanolites(Pl). Image from 6-27-28-3W4, depth 810 m
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Figure 3.19: Core was examined from bottom to top. The date, location, length, and features were written to aid in interpretation.
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3.3 Objectives
The main objective of this chapter is to determine which (litho)facies are present in the Joli 
Fou and Viking formations. The (litho)facies will allow for the determination of changing 
depositional environment both spatially and temporally.
3.4 Methods
One hundred and eighteen cores were analysed at the Alberta Energy Regulator Core Repos-
itory in Calgary, Alberta in January 2015 and July 2015. Cores from Saskatchewan were 
examined in July 2016 at the Subsurface Geological Laboratory in Regina, Saskatchewan. A 
list of the cores examined in this study can be found in the Appendix. Cores ranged in length 
from 2 metres to over 32 metres. Core was analysed using a measuring tape, field note book, 
and pen. Core logs were drawn at a vertical scale of 1:20 in the field note book. The horizontal 
axis was used to emphasize grain size with mud-rich sediments to the left, and pebble-rich 
sediments to the right (Figure 3.19). Primary structures such as bedding and grain size, and 
secondary structures such as bioturbation and diagenesis were noted in the field note book. 
Additional features such as core box number were noted along the length of the drawn core 
log. For the purposes of documentation and interpretation, core photographs were taken and 
notable structures were photographed up-close.
3.5 Results and discussion
Facies are defined by the observable characteristics of rocks such as their lithology, physical 
and biological structures that separate them from rocks lying above, below, or adjacent to 
them (Walker, 1990). To understand the environment of deposition, rocks must be subdivided 
based on their facies. A previous study by Roca (2007) recognized 20 facies, 12 of which 
occur in marine settings, one characteristic of estuarine environments, and 7 corresponding to 
deposition on the coastal plain. Roca (2007) overlooked a study by Mellon (1967) that showed,
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on palynological grounds, that the coastal plain facies were of early Albian age and therefore
not coeval with the marine Viking rocks. In the present studyarea, the Viking Formation can
be divided into 7 marine facies, ranging from nearshore, rivr-dominated deltaic sediments, to
shorefaces, to more distal offshore mudrocks.
3.5.1 Facies 1: Mudstone with sandstone lenses
Description:Facies 1 consists of decimetre-scale units of clay with centimetre- scale, lower
very fine-grained sand and silt lenses (Figure 3.20). The bass of silt and sand beds are typically
sharp and top contacts vary from gradational to sharp (Figure 3.20). Sand lenses occupy very
subtle scours in the underlying mudstone. Black clays are typically finely laminated and fissile.
Internally, combined flow ripple cross laminae in very fine sandstone have a preferred direction
of migration. Bioturbation is generally weak (BI= 0 - 2) and is dominated byPlanolites.
Bioturbation is observed mostly in the lower very fine-grained sandstone. Sideritized beds up
to 10 cm thick within the black clay is common. Facies 1 is bestdeveloped in the Joli Fou
and Westgate formations and typically grades up to Facies 2.Units of this facies range from
approximately 50 cm to 3 m thick.
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Interpretation: Sparsely bioturbated, dark grey to black mudstones deposited throughout he 
Western Interior Seaway were commonly thought to have been deposited in suboxic or anoxic 
bottom water conditions (e.g., Rhoads and Morse, 1971; Ekdale and Mason, 1988; Savrda 
and Bottjer, 1991; Diaz et al., 1995). Recent studies, instead, suggest hat low-BI mudstones 
deposited during Joli Fou and Westgate time were dysoxic (2.0 - 0.2 mL/L dissolved oxygen, 
cf. Tyson and Pearson, 1991, Dashtgard and MacEachern, 2016). Oxygen deficiency occurs 
when the oxygen demand created by the decay of organic matter exceeds the rate of oxygen 
supply (Tyson and Pearson, 1991). Tyson and Pearson (1991) suggest hat dysoxia resulting 
in macrofauna stress is most common in areas adjacent to rivers where salinity-stratification 
occurs and organic matter flux is high. Additionally, enclosed basins are frequently subject to 
prolonged periods of oxygen depletion.
Studies on muds from the Gulf of Mexico (Dashtgard et al., 2015) corroborate (Tyson 
and Pearson, 1991) and suggest hat low-BI mudrocks form below a few tens of metres wa-
ter depth, in dysoxic conditions that develop as the result of microbial breakdown of organic 
matter. Dashtgard and MacEachern (2016) suggested that the widespread distribution of low-
BI mudstone reflects a scarcity of macroinfauna that were not able to tolerate low dissolved 
oxygen levels (< 5 mg/L) caused by microbial breakdown of organic matter.
Black muds with little to no bioturbation were deposited as plumes of fluid mud discharged 
by rivers during high run-off. These muds were resuspended by wave-energy during storms 
and deposited along the shelf for tens of kilometres as cm-scale mudstone in tens of metres 
water depth (Traykovski et al., 2000; Coates and MacEachern, 2007; Macquaker et al., 2010).
The rhythmic nature of the interstratified silt and lower very fine-grained sand containing 
asymmetrical ripples suggests deposition due to episodic storm sedimentation. During storms, 
the coupling of a unidirectional geostrophic current and an oscillatory wave motion combined 
to scour the seabed during peak storm conditions. Oscillatory flows may have exceed 50 cm/s, 
eroding the seabed, and suppressed the formation of dunes or large ripples in favour of plane 
bed conditions in fine-grained sand (Clifton, 1976) (Figure 3.21).
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Figure 3.20: Facies 1: Mudstone with sandstone lenses from 6-31-36-16W4; boxes 2-4; depth
1045 - 1049 m.
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Figure 3.21: During a rising storm, the mud bed is eroded and sediment is suspended. Erosion is irregular and often creates sol marks
or gutter casts. During the waning phase of the storm, and as velocity of the combined flow decreases, planar laminated sanis i itially
deposited but gradually evolves to HCS. In the latter phasesof the storm, and as the geostrophic current wanes, sedimentsettling on the
seafloor is formed into isotropic HCS, mantled by small oscillatory wave ripples. From Cheel (1991); Plint (2010).
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The presence of siderite is common in this facies. Siderite is formed in anoxic sedimentary 
environment where reduced iron (Fe+2) derived from fine-grained iron oxide minerals can 
exist in solution. In environments with high organic matter input such as deltaic environments, 
dissolved oxygen is rapidly depleted in bottom waters due to bacterial decomposition. Siderite 
forms in sediment through the combined effects of iron reduction (from ferrous oxide) and 
the breakdown of organic matter by anaerobic bacteria (Curtis, 1987). In addition to siderite, 
organic matter breakdown produces methane.
This facies is interpreted to represent he prodelta, where high organic matter and fine-
grained sediment results in dysoxic bottom waters, leading to low levels of bioturbation and 
sideritization.
3.5.2 Facies 2: Weakly to moderately bioturbated silty mudstone (BI= 2-4)
Description: Facies 2 is a moderately bioturbated version of facies 1 (Figure 3.22). The fa-
cies comprises centimetre-scale silty clay interbedded with lower very fine-grained sandstone. 
Contacts between clay and sand are predominately bioturbated. Primary structures within sand 
lenses are absent, but bedding is apparent. Bioturbation is typically low to moderate (BI= 2 -
4) dominated by Chondrites, Planolites, Schaubcylindrichnus, and Skolithos. Siderite nodules 
are not present in this facies. The rock is typically dark grey in colour. This facies is found 
in the Joli Fou and Westgate formations, as well as the distal, eastern portions of the Viking 
Formation.
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Figure 3.22: Facies 2: Dark, bioturbated (BI= 2-4) mudrock from Fina Castor 6-10-38-13W4.
Boxes 10 - 11 shown, depth 907 - 910 m.
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Interpretation:Moderate bioturbation of the sand lenses suggests an environment where
storms were infrequent, which allowed the macrofauna to exploit the sediment and destroy
primary structures such as cross lamination. Additionally, moderate levels of bioturbation sug-
gest a well-oxygenated, fully marine environment. The presence of flame structures suggests
soupground seafloor conditions. The scarcity of siderite also points to an environment well-
removed from a freshwater source (that delivered organic matter) such as a delta or estuary
or that the activity of burrowers introduced marine water into pore spaces in the sediment,
thereby inhibiting sideritization (Curtis, 1987) (Figure3.23).
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Figure 3.23: A close-up of core from 6-33-35-26W4 exhibiting moderately bioturbated silty mudstone (Facies 2). Picture from: Ulster
Mikwan, 6-33-35-26W4, approximately 1483.6 m depth
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3.5.3 Facies 3: Thin-bedded heterolithic facies
Description:Facies 3 consists of centimetre-scale interbeds of mud and lower very fine-grained
to fine-grained sand (Figure 3.24). Upward gradation from sand to mud is uncommon. The
bases of sand interbeds are sharp, and typically contain tool marks or bioturbation. Sand-
stone interbeds are dominated by either low-angle laminatio consistent with hummocky cross
stratification or cross lamination consistent with combined flow ripples. Syneresis cracks are
common. They appear at the tops of clay interbeds and are infill d with sandstone from over-
lying units. Sandstone beds overlie mudstones with a scoured contact. Up to 5 cm deep gutter
casts are locally common. The mud interbeds typically contain abundant plant material. Bio-
turbation is generally low to moderate (BI= 0-3). The recognition of trace fossils is based
solely on their appearance in vertical cross-section. Trace fossil assemblages in this facies
are well preserved with representatives from seven ichnogeera:Chondrites, Planolites, Phy-
cosiphon, Skolithos, Schaubcylindrichnus freyi, ThalassinoidesandZoophycosare the most
common trace fossils. This facies commonly grades upwards in to thick-bedded heterolithic
facies (Facies 4) (Figure 3.25).
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Figure 3.24: Examples of Facies 3 in core including A: Low BI with apparent combined flow ripples (6-15-37-26W4, depth 1619 m);
B. Thinly bedded fine- to medium-grained Facies 3 (8-2-37-26W4, depth 1621.3 m); and C. Low-angle laminated very fine-grained
sandstone grading to mudstone with low bioturbation (8-20-26-18W4, depth 1219 m).
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Interpretation:Facies 3 exhibits laminated-to-burrowed (scrambled) intervals, colloquially
called ”lam-scram”, reflecting the alternation of storms with fairweather conditions (e.g.,Pemberton
et al., 1992b). During a rising storm, the underlying mud bedwas eroded and sediment was
suspended. Erosion was irregular and created sole marks or gutte casts. During the waning
phase of the storm, and as velocity and combined flow decreased, wave- and current-generated
bedforms (hummocks, and combined-flow ripples) were deposited (Figure 3.26). Evidence of
fugichnia (escape burrows) points to rapid burial (Pemberton et al., 1992b). Thin, sharp-based,
non bioturbated drapes of black mud reflect rapid depositionfr m organic-rich fluid mud.
The fluid mud creates inhospitable, soupground conditions (Allison et al., 1995; Traykovski
et al., 2000; MacEachern et al., 2005, 2010; Macquaker et al., 2010). Following the storm,
some nutrient-rich mud units were exploited by resident (fairweather) deposit-feeders that pro-
duced traces such as:Chondrites, Planolites, Phycosiphon, Schaubcylindrichnus freyi, Tha-
lassinoidesandZoophycos.
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Figure 3.25: Heterolithic bedding from 7-18-26-14W4 (allome ber VD) grading from slightly
bioturbated to lower very fine-grained sandstone and muddy heterolithic bedding with low
intensities of bioturbation. Bioturbation is sporadically distributed and highly variable, with
most beds showing BI 0-2 and rare beds with BI 3-4. The ichnological suite is fully marine,
with Asterosoma, Chondrites, Helminthopsis, Phycosiphon, Planolites, Thalassinoides, and
possibleZoophycos. Boxes 11-13, depth 937.3 - 941.8 m.
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Figure 3.26: Facies 3: Thin-bedded heterolithic facies withlow to moderate bioturbation in
very fine-grained sand and mud. Note the largely unburrowed mud drapes of fluid mud origin.
Trace fossils present:Planolites(Pl), Rhizocorallium(Rh), Schaubcylindrichnus freyi(Scf),
andZoophycos(Z).
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Figure 3.27: A close-up of core from 8-2-37-26W4 exhibiting thin-bedded heterolithic facies. Overall depositional envirobment: storm-
influenced distal delta front, at and slightly above fairweather wave base and subject to buoyant mud plumes following storm events
(river flood discharge due to precipitation coupled with storm events). Picture from: Torrigton et al., 8-2-37-26W4, approximately
1620.0 m depth.
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This facies is interpreted to have been deposited in the lower shoreface near a river mouth
where fairweather and storm conditions produced alternating units of laminated and scrambled
bedding (Figure 3.27). This facies is common in Viking allome ber VD, and grades upward to
Facies 4: thick-bedded heterolithic facies or Facies 5: thoroughly bioturbated silty sandstone.
3.5.4 Facies 4: Thick-bedded heterolithic facies
Facies 4 is heterolithic and comprises 90 - 95% sand. Sandstone beds can be up to 50 cm thick,
and commonly contain internal erosion surfaces, and hence,constitute amalgamated beds that
represent several depositional events (Figure 3.32). Black laminated mudstone laminae/b ds
are typically a few mm to a few cm thick, but can range up to 20 cmthick (Figure 3.28).
Sandstone is very fine- to fine-grained and low-angle laminated (<12 o). Uppermost layers
of sandstone beds typically contain centimetre-scale symmetrical ripples. Upper and lower
contacts of sandstone beds are sharp, locally preserving ripple bedforms. Bioturbation in this
facies is of low to moderate intensity (BI= 2-4) and is typically dominated by assemblages
attributable to theCruzianaIchnofacies within thin, mud-dominated zones (Figure 3.29). Post-
depositional convolute bedding is common in this facies (Figure 3.30). The presence of organic
material or phytodetritus is common, particularly organic-rich laminae in the sandstone beds.
Sideritized sandstones and mudstones are common. The sandstone in this facies is typically
light grey, but may have a slight green tint.
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Interpretation:Storms on strongly wave-influenced shelves such as the hurricane-prone
Texas Gulf coast are capable of eroding and transporting sediment across shelves for tens to
hundreds of kilometres (Nelson, 1982; Snedden and Nummendal, 1991). The effects of storms
on coastal areas has been researched extensively. For instance, modern studies by Snedden
and Nummendal (1991) on coastal storm deposits from Hurricane Carla in the Gulf of Mexico
found that the September 1961 hurricane deposited sand 200 km along the shelf to the SW of
the hurricane track. The base of the sand bed is sharp and slightly erosive. Computer models
estimated that the combined-flow and near-bottom current velocities produced by Hurricane
Carla may have approached 3 m/s, velocities capable of eroding shelf sediment prior to the
deposition of sand. Snedden and Nummendal (1991) found thaterosive-based sandstone beds
on the Texas coast were indicative of high energy storm events tha scoured the seabed (Figure
3.21).
Above the eroded bed, very fine- to fine-grained and low angle laminated (<12 o) sand
records hummocky cross stratification. These bedforms are most commonly formed above
storm wave base under combined flow conditions. Prior to the ground-breaking experimental
research by Dumas et al. (2005) and Dumas and Arnott (2006), it was generally thought that
hummocks formed primarily under purely oscillatory flow (Southard and Boguchwal, 1990).
Dumas et al. (2005) found that combined-flow produces hummocks under oscillatory flow ve-
locities of 50 - 90 cm/s and unidirectional flows of less than 15 cm/s. Non-migrating (isotropic)
hummocks developed when the oscillatory component was>50 cm/s and the unidirectional
component was<5 cm/s. If the unidirectional component was increased to 5 - 10 cm/s, the
hummocks become anisotropic and begin to migrate down flow (Dumas et al., 2005; Dumas
and Arnott, 2006). Anisotropic hummocks became prevalent closer to shore where the unidi-
rectional currents were stronger (Dumas and Arnott, 2006).Hummocks were formed not as
a distinct bed and form under longer oscillatory periods andin finer sediment (Dumas et al.,
2005). Dumas et al. (2005) suggests that hummocks are produced under storm-generated,
oscillatory-dominated combined flows. The sum of the characte istics of facies indicate de-
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Figure 3.28: Thick-bedded facies 4 with intervals of thin-bedded heterolithic facies from 6-
21-26-22W4 (allomember VD). Thick heterolithic bedding isdominated by lower very fine-
grained sandstone with low-angle laminations indicative of hummocky cross stratification.
Thick (up to 15 cm) mud beds with little to no bioturbation andsyneresis cracks suggests
fluid muds deposited on a delta front as the result of high river discharge possibly modulated
by wave action. PCP Standard, Core 1, 1265 - 1284 m, recovered: 19 m, 13 boxes. Boxes 11 -
13 shown. Boxes 11 - 13 shown, depth 1281 - 1284 m.
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Figure 3.29: A close-up of core from 6-21-26-22W4 exhibitingthin-bedded heterolithic facies
(Facies 3) within an overall thick-bedded heterolithic facies pictured in Figure 3.28. Picture
from: PCP Standard, 6-21-26-22W4, approximately 1281.0 m depth
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Figure 3.30: Convoluted bedding (outlined in yellow) in very fine-grained sandstone from 11-
19-24-24W4 (allomember VD). PCP Strathmore, Core 1, 1471 - 1489 m, recovered: 18 m, 13
boxes. Boxes 4 - 6 shown.
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position in shallow-marine, open-water conditions. Likewise, Nelson (1982) described graded
storm beds 100 km offshore from the Yukon River delta in the Bering Strait. Gradedsand beds
were deposited from rapidly waning storm-surge-associated currents on a shallow, 20 - 30 m
deep platform (Nelson, 1982). Sharp, erosional contacts inthe thick-bedded heterolithic facies
are therefore interpreted to record storm events similar tothat found on modern shelves.
Lenses of lower very fine-grained sand with 10-15 cm-thick intervals of black mud are
probably associated with multiple wave-enhanced sedimentgravity flow (WESGF) events.
Macquaker et al. (2010) described WESGFs as comprising three distinct units: A, B, and C.
Unit A consists of sand that was deposited on an erosional surface under turbulent conditions
in the wave boundary layer during the initiation of the flow. Unit B comprises mud deposited
under laminar flow. Following collapse of the flow, unit C, a struc ureless mud, is deposited.
Mud intervals that contain little or no burrowing and abundat synaeresis cracks are fresh water
incursion following a river flood (MacEachern et al., 2005; Macquaker et al., 2010). Rare trace
fossils within this facies suggests that colonization occurred between storms.
Coates and MacEachern (2007); MacEachern et al. (2005) sugge t that convoluted bed-
ding, structureless clayey siltstones, and silty sandstone i Allomember E of the Dunvegan
Formation are more abundant in river-dominated deltas where rapid deposition creates an un-
stable substrate that is susceptible to loading and deformation of the original stratification
(Figure 3.31). This corroborates Allen (1982), who noted that liquifaction was found to be
most common in sediments that are cohesionless and loosely packed. Sediment deposition by
river and wave action, and inability to dewater due to rapid burial make sediments suscepti-
ble to deformation under loading. Convolute bedding is typically found in very fine-grained
cross-laminated sands 0.1 to 1.0 m thick, and is common in turbidites, deltaic deposits, and
areas prone to earthquakes (Allen, 1982). Modern studies from the Han River delta, Korea
(Choi et al., 2004) describe moderately common convolute bedding up to 20 cm thick, com-
monly truncated by erosional features. Deformation is triggered by waves and accompanied
by gravity-driven downslope movement in the intertidal zone (Choi et al., 2004).
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Figure 3.31: Soft-sediment deformation in very fine-grained sand from Bumper Enron Cosway
11-28-30-25W4 (allomember VD). Pictures from approximately 1515.5 m depth
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This facies reflects a mixed wave- and river- influenced deltafront. Sedimentary structures
on a storm-dominated clastic shelf are generated by the coupling of long-term unidirectional
currents such as geostrophic flows and short-term oscillatory-induced currents.
3.5.5 Facies 5: Moderately bioturbated thin-bedded heterolithic facies (BI=2-4)
Description:Facies 5 comprises centimetre-scale interbeds of mudstoneand usually lower very
fine-grained sandstone (although coarser sands are common)(Figure 3.24) similar to that of Fa-
cies 3. Sandstone interbeds contain either low-angle lamintio or cross lamination. In most
cases, however, bioturbation has eliminated or heavily disrupted primary structures. Unbio-
turbated mudstones range from structureless to laminated.Although most primary structures
have been eliminated, heterolithic bedding is still apparent. Where bioturbation is of low in-
tensity (BI 0-2), it is evident that the contact between sandtones and mudstones are erosional
and sharp. Bioturbation is more pronounced in the mudstone units. Chondrites, Phycosiphon,
Planolites, SkolithosandZoophycosare the most common trace fossils. This facies is asso-
ciated with Facies 3 and commonly appears interbedded with it or appears as an intermediary
between Facies 3 and Facies 6. Glauconite-rich sands withinthis facies are common. The de-
gree of glauconitization varies; ranging from bands of heavily glauconitized medium-grained
sandstone to heavily glauconitized fine-grained sandstone.
Interpretation:Sharp, erosional contacts between sand and mud interbeds record high ve-
locity flows similar to those recorded by Nelson (1982) and Snedden and Nummendal (1991)
on the Bering Strait and Texas Gulf coast, respectively (Figure 3.33). Researching the sedi-
mentological effects of Hurricane Carla, Snedden et al. (1988) postulated that the combined
flow conditions during peak storm were capable of eroding theseabed and transporting mud
and sand tens to hundreds of kilometres alongshore and into deeper water (75 m water depth),
whereas fairweather conditions limited sand distributiono 0 - 10 m water depth.
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Figure 3.32: A close-up of core from PCP Strathmore 11-19-24-24W4 exhibiting convolute
bedding. Picture from approximately 1577.0 m depth.
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Figure 3.33: Strike and dip cross sections of storm deposits from Hurricane Carla. Note the sharp, locally scoured beds overlain by
parallel lamination or gently undulating lamination in cross section B. Redrawn by Plint (2010) from Snedden and Nummendal (1991).
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Facies 5 contains sharp, locally scoured beds indicative ofhigh velocity wave action scour-
ing the bed. The erosional surface is overlain by parallel lamin ted or gently undulating, lower
very fine-grained sandstone, which indicates a decelerating flow that led to the development of
hummocks and combined flow ripples. Thin, black mud depositsare probably associated with
multiple wave-enhanced sediment gravity flow (WESGF) events i itiated following a river
flood and kept in suspension by wave action (Allison et al., 1995; Traykovski et al., 2000;
MacEachern et al., 2005, 2010). This facies contains locally scoured beds indicative of high
velocity storm events eroding the bed. This is followed by the development of distinct storm-
generated primary structures such as low angle lamination indicative of hummocks (Snedden
et al., 1988; Cheel, 1991; Dumas et al., 2005; Dumas and Arnott, 2006; Macquaker et al.,
2010). The level of bioturbation (BI 2-4), particularly where mudstones are present, indicates
post-storm fairweather conditions that allowed macrofauna to exploit mudstone interbeds (Fig-
ure 3.34, 3.35).
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Figure 3.34: Moderately bioturbated (BI 1-4; mainly BI 2-3) thin-bedded facies in very fine-grained sandstone from Bumper Enron 
Cosway 11-28-30-25W4 (allomember VD). Picture from approximately 1509.4 m depth.
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This facies is similar to those of Facies 3 or 4; however, it contains moderate levels of
bioturbation, which that indicate environmental conditions that were suitable for macrofaunal
colonization. Storms were probably sporadic, distributing nutrients while allowing macrofauna
to disturb sediments to a far greater extent than facies 3 or 4. Coates and MacEachern (2007)
and MacEachern et al. (2010) attribute this type of bioturbated facies to the prodelta, probably
more updrift than Facies 3.
Glauconite, a dioctahedral, green, Fe-rich 2:1 illite mineral and mixed-layer glauconite-
smectite is typically formed in low latitude, shallow marine environments (pH= 8.2) and low
sedimentations rates (e.g., Odin and Fullagar, 1988). The presence of organic-rich sediments
such as fecal pellets is critical for the development of glauconite (e.g., Baldermann et al., 2012).
The Viking Formation sandstones (particularly Facies 7) commonly exhibit a greenish tint in-
dicative of glauconite or glaucony. Studies by Baldermann et al. (2012) Kimmeridgian-aged
lagoonal sediments from central Germany showed that rapid oxidation of organic matter in
fecal pellets provided the post-depositional, physiochemical conditions favourable for glau-
conitization. Similarly, organic-rich, coarse sands would provide an ideal environment similar
to that found in the Kimmeridgian-aged rocks.
3.5.6 Facies 6: Thoroughly bioturbated silty sandstone (BI=4-5)
Description:Facies 6 consists of 80-95% sand (dominated by very fine- and fine-grained sand-
stone) with 5 - 20% mud. Sediment is thoroughly bioturbated with a mixed assemblage of
traces produced by grazers and filter feeders. Ichnogenerali cludeChondrites, Diplocraterion,
Helminthopsis, Phycosiphon, Rhizocorallium, Rossellia,Schaubcylindrichnusp., Schaub-
cylindrichnus freyi, SkolithosandZoophycosdominating. Skolithosmeasuring up to 40 cm
occur in moderate numbers. Bioturbated muds appear as wispyflakes. This facies overlies
Facies 2, and is similar to Facies 3 of Downing and Walker (1988) (Figure 3.36).
107
Figure 3.35: Facies 5: Glauconite-rich sandstone from CS Sulpetro Farrel 6-12-34-17W4 (al-
lomember VD). Additionally, sideritized mud appear to drape the coarser glauconitized sands.
Mud clasts appear sideritized. Bioturbation intensity is moderate (3-4) at the base of this image
and decreases upwards. Despite the coarseness of the core sample,Chondrites, Diplocraterion,
Planolites,and possibleTeichnichnustraces are visible. White arrows point to siderite-rich in-
tervals. Approximately 1019.0 m depth.
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Figure 3.36: Facies 6: Thoroughly bioturbated silty sandstone from BP Gas Unit Sulvan Lk
10-19-34-13W4 (allomember VD). Note the coarsening-upward from mud-dominated facies
to thoroughly bioturbated silty sandstone. Depth 1019 - 1022 m.
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Interpretation:Facies 6 was deposited in an environment similar to that of Facies 3, where
storms eroded the seabed and during the waning storm, combined flow created hummocks and
ripples (Cheel, 1991). Mud from river floods was transportedfurther downslope and along
shore by hyperpycnal flows during storms (Macquaker et al., 2010). During fairweather con-
ditions, macrofauna were able to colonize the substrate, thereby destroying primary structures.
High intensity and uniformly distributed bioturbation, coupled with a relatively diverse ichno-
logical suite may indicate that the depositional environmet was oxygenated. This facies was
probably deposited in an offshore environment below fairweather wave base (Pemberton,1992;
Walker and Plint, 1992). MacEachern et al. (2005) suggest that thoroughly bioturbated facies
are commonly present updrift of a delta because macrofauna are less inhibited by sedimentation
rates and fluctuations in salinity.
3.5.7 Facies 7: Massive to cross-bedded sandstone
Description:Facies 7 comprises units of sandstone that are typically onemetre or thicker and
have a low bioturbation index (BI 1-4). Grain-size can vary from fine- to coarse-grained sand.
It is common to find bedding planes covered in phytodetritus.Ophiomorpha, Skolithosand
Teichnichnus, attributable to theSkolithosIchnofacies dominate. Glauconite-rich sands within
this facies are common. The degree of glauconitization varies; anging from bands of heavily
glauconitized medium-grained sandstone to heavily glauconitized fine-grained sandstone.
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Figure 3.37: Facies 7: Massive to cross-stratified sandstone fr m Novalta Bind Loss 5-11-24-
4W4 (allomember VD). Note the presence of sideritized laminated sands that grade to more
massive sandstone upwards. Core 1, 779 - 797 m, recovered: 16.75 m, 12 boxes. Boxes 7 - 9
shown.
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Interpretation:Massive- to cross-bedded sandstone is interpreted to recordan upper shoreface
depositional environment (Walker and Plint, 1992). Medium-grained subaqueous dunes pro-
duced by longshore and shore-normal currents appear as trough cross-beds in core (Clifton
et al., 1971). Dunes are very common on modern shorefaces in the upper shoreface along long-
shore bars where upper-fine to coarse-grained sand dominates. During storms in particular,
if medium to coarse sand is available, dune cross-bedding will develop across the entirety of
the shoreface (Clifton, 1981; Wignall et al., 1996). In finer-grained sediments, hummocks and
swales will dominate the middle and upper shoreface.
Massively textured sandstones are interpreted to be the result of meiofaunal colonization
(Pemberton et al., 2008). Meiofauna are typically smaller than the grains amongst which they
live, but their constant search for food progressively dislodges the grains, and erases primary
structures (Pemberton et al., 2008). Cullen (1973) described hermit crab traces that deteriorated
within a few days of their production as the result of meiofaunal activity on seafloor sediments.
3.6 Facies associations
The vertical stacking pattern and lateral distribution of facies within the same stratigraphic
unit are organized into predictable patterns termed ’facies associations’ (based on Walther’s
Law). Each facies association comprises a succession of genetically related facies each of
which record distinct process-related depositional environments. The facies associations of
the Lower Colorado allogroup within the study area have been divided into three facies asso-
ciations (FA): FA1, FA2, and FA3. Facies Association 1 (FA1) represents upward-deepening
marine facies, Facies Association 2 (FA2) represents gradationally-shoaling marine facies, and
Facies Association 3 (FA3) represents abruptly shoaling marine facies. These facies are com-
parable to those of Roca (2007).
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3.6.1 Facies Association 1: Upward-deepening marine facies association
Facies Association 1 (FA1) represents successions of marine f cies recording progressive deep-
ening. This association is characterised by stacked parasequences that show retrogradational
stacking bounded at the base by a sharp wave ravinement surface commonly with a pebble
lag (Figure 3.38). It is common to find firmground trace fossiluite attributable to theGlos-
sifungitesIchnofacies on surfaces that have been dewatered (but not lithified). Hence, it is is
common to observe this trace fossil suite in sediments that have been buried, dewatered, and
subsequently eroded. The most common trace fossil in this suite i Skolithos, which is often
observed to have been infilled with coarser sediment. Along astorm-dominated clastic shelf
during transgression, clastic material is trapped in aggrading estuarine and coastal plain envi-
ronments. Thus, FA1 is characterised by progressively decreasing clastic input as the locus of
sedimentation moves landward (Plint, 1988, 2010).
1
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Figure 3.38: An example of FA1 from PCP Strathmore 11-19-24-24W4. Depth 1471 - 1489 m.
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An excellent example of FA1 in the Viking Formation is in core 11-19-24-24W4 (Figure 
3.41). At its base, a sharp erosive contact is overlain by a pebble lag. Thick, het-erolithic 
bedding with convolute bedding and fluid mud indicate evidence of a delta-front envi-ronment 
(Coates and MacEachern, 2007; Bhattacharya, 2010). Low-angle lamination typical of 
hummocks dominate within the sand beds (Plint, 2010). According to Walther’s Law, a fining-
upward succession of very fine-grained sand implies that relative sea level and/or distance 
from clastic input increases upward.
3.6.2 Facies Association 2: Gradationally shoaling marine facies association
The gradationally shoaling marine Facies Association 2 (FA2) consists of a coarsening-upward 
succession that records normal sedimentary regression. During normal regression, relative sea 
level may be at a stillstand or only slowly rising, however, sediment supply is outpacing relative 
sea level rise (Figure 3.38, 3.39). Consequently, FA2 may correspond to either the lowstand or 
highstand systems tracts (Vail, 1987; Van Wagoner et al., 1988, 1990; Posamentier et al., 1988; 
Catuneanu et al., 2011).
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Figure 3.39: Core from Francana Cessford 7-18-26-14W4, showing mostly upward-shoaling
parasequences dominated by bioturbated thin-bedded sandstone and thoroughly bioturbated
silty sandstone. Depth 923 - 941.8 m.
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FA2 includes mud facies (Facies 1 and Facies 2), grading-upward into weakly or com-
pletely bioturated silty mudstone facies (Facies 5 or Facies 6) or thinly-bedded heterolithic fa-
cies (Facies 3). In a complete section, Facies 3 grades upward into nearshore facies dominated 
by massive to cross bedded sandstone (Facies 7) with Skolithos ichnofacies. A gradationally 
shoaling vertical section represents the transition from deeper marine muddy facies to lower, 
middle, and upper shoreface deposits, which record a near complete suite of environments from 
offshore marine to shoreline. FA2 is bounded by marine flooding surfaces, normally associated 
with pebble lags. In more distal environments, a subtle flooding surface may be indicated by 
an erosive contact separating very fine-grained sandstone from mudstone.
3.6.3 Facies Association 3: Abruptly shoaling marine facies association
Facies Association 3 (FA3) is characterized by an abrupt erosional contact separating finer-
grained offshore deposits from coarser-grained shallow-marine facies. This abrupt upward-
shallowing indicates an abrupt basinward shift in facies. (Plint, 1988; Plint and Nummedal, 
2000) (Figure 3.41).
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Figure 3.40: Caption on following page. 
Figure 3.40: Core from Petro PEP et al., Joffre 8-11-38-26W4, depicting Facies 
Association 3, abruptly shoaling succession of marine facies (white arrows indicate 
syneresis cracks). This facies association is characterised in VB by bioturbated sandstone 
(Facies 5) including Planolites (Pl) and Schaubcylindrichnus (Sc) trace fossils and sharply 
overlying thoroughly bioturbated silty sandstone (Facies 6). This contact also contains a 
firmground trace fossil omission suite of the Glossifungites Ichnofacies which indicates 
that the sediment was buried, dewatered and eroded prior to colonization. Depth 1532 - 
1539 m.
119
FA3 can include heterolithic facies (Facies 3 and Facies 4), thoroughly bioturbated silty
sandstone (Facies 5 and Facies 6), and massive to cross-bedded sandstone (Facies 7), all of
which can erosively overlie distal offshore mudstones (Facies 1 or Facies 2) or fine-grained
thoroughly bioturbated silty sandstone (Facies 6). On shallow ramp settings, a minor relative
sea level fall could emplace sharp-based shallow-marine sands onto mud. Excellent exam-
ples of FA3 are present in allomember VB, where linear, sharp-based shoreface sandstones
deposited during a pause in transgression (and probably involving a minor relative sea level
fall) form linear shorefaces at Joffre, Chigwell, and Fenn (Pattison, 1991; Burton and Walker,
1999).
120
Chapter 4
REGIONAL ALLOSTRATIGRAPHY OF THE VIKING AND JOLI
FOU FORMATIONS
”We accept the reality of the world with which we’re presented. It’s as simple as that.”
- Christof,The Truman Show
4.1 Introduction
The previous chapter examined sedimentation on a shallow shelf, the paradigm shift in percep-
tions of mud sedimentation, the use of trace fossils, and the characterization and interpretation 
of facies. Seven distal to nearshore facies were introduced. The aim of this chapter is to 
discuss the development of allostratigraphy, and its application to the Viking Formation. This 
chapter demonstrates the usefulness of allostratigraphy in basin-scale studies particularly when 
paired with (litho)facies analysis.
4.2 Background
Allostratigraphy is a stratigraphic framework that is based on, ”a mappable body of rock that is 
defined and identified on the basis of bounding discontinuities” (North American Stratigraphic 
Code, 2005). Allostratigraphic terminology follows lithostratigraphic subdivisions, which in 
decreasing order are: allogroup, alloformation, and allomember (North American Stratigraphic 
Code, 2005). Sequence stratigraphic methodology falls beneath the umbrella of allostratigra-
phy, as do other methods based on the tracing of bounding surfaces, such as ’event stratigra-
phy’, ’cyclostratigraphy’ and ’genetic stratigraphy’. Since there is no specific description of the
121
bounding surface, any discontinuities can be used as bounding surfaces. Most researchers using
allostratigraphy use flooding surfaces as a means of correlating over long distances (Van Wag-
oner et al., 1990). A marine flooding surface is defined as” a urface separating younger from
older strata across which there is evidence of an abrupt increase in water depth”(Van Wag-
oner, 1995). Flooding surfaces define parasequences and are the most reliable discontinuities
because they can be traced for hundreds of kilometres (Van Wagoner, 1995). Other surfaces
used in allostratigraphy include subaerial unconformities (and their correlative conformities),
ravinement surfaces, regressive surfaces of marine erosion, and maximum flooding surfaces.
The allostratigraphic approach has been used extensively on rocks of the Western Canada
Foreland Basin to help unravel time and genetic relationships. For example, Bhattacharya
and Walker (1991) demonstrated that the Dunvegan Formation comprised a series of stacked
shorefaces that thinned to the east and were capped by flooding surfaces (Figure 4.1). Addition-
ally, they demonstrated that the mudstone-dominated La Biche Formation was age equivalent
to the Dunvegan, and represents the distal mudstone-dominated Dunvegan alloformation.
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Figure 4.1: Cross section summarizing A) Dunvegan lithostratigraphy and B) Dunvegan allostratigraphy (Bhattacharya and Walker,
1991). SB - Sequence boundary, TSE - Transgressive surface of erosion, LST - Lowstand systems tract.
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4.2.1 The Viking Formation: A historical retrospective
The shift from using lithostratigraphy (Evans, 1970; Tizzard and Lerbekmo, 1975; Beaumont, 
1984) to using sequence stratigraphy allowed researchers to establish age relationships be-
tween major reservoirs (Hein et al., 1986; Downing and Walker, 1988; Boreen, 1989). How-
ever, despite the new stratigraphic approach, varying interpretations resulted in disagreements 
regarding depositional environment. For example, Hein et al. (1986) and Leckie (1986) funda-
mentally disagreed on the depositional origins of the Caroline field.
Hein et al. (1986) proposed that deposition occurred in a shelf environment, which was 
subsequently invaded by density flows depositing coarse-grained sand during a relative fall 
in sea level. In contrast, Leckie (1986) stated that transgression resulted in the reworking of 
older sediments and deposition of tidally influenced sand and gravel. Continued transgression 
resulted in abandonment of these coarse-grained, cross-bedded storm, and tidally influenced 
sediments, which were later buried by marine shales.
In 1988, an initial attempt at formalizing sequence stratigraphy was proposed in SEPM SP 
42 (Van Wagoner et al., 1988). Allostratigraphic study of the Cardium Formation by Plint et al.
(1986) resulted in a depositional model that led Downing and Walker (1988) to re-evaluate the 
Joffre field using allostratigraphy (Figure 4.2). They proposed that Joffre field was deposited 
in response to a relative fall in sea level, resulting in a sharp-based shoreface. Downing and 
Walker (1988) recognized that:
”The origin of the various Viking sand bodies (hence Viking oil and gas fields), will never 
be properly understood until their exact stratigraphic relationships have been securely tied into 
an event stratigraphy defined by basin-wide sea level fluctuations” p. 1227.
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Figure 4.2: The first Viking Formation allostratigraphic study. A cross-section from Downing and Walker (1988) showingthe subaerial
unconformity E2 cutting into facies below.
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During the late 1980s and into the 1990s, a number of theses and published manuscripts
on Viking allostratigraphy and sequence stratigraphy were produced by Roger Walker’s re-
search group at McMaster University (e.g., Boreen, 1989; Pattison, 1991 and Bartlett, 1994)
that greatly furthered our understanding of Viking Formation deposition. In particular, Boreen
and Walker (1991) attempted to standardize Viking Formation allostratigraphic members and
erosional surfaces. Members were given letter designations in ascending order, while Viking
erosion surfaces were named VE with their corresponding number (e.g., VE1 lies at the base of
the Viking and is the sand-on-mud contact at the Joli Fou Viking boundary). It became appar-
ent that Viking sediments generally comprised three sedimentary motifs: 1) coarsening-upward
cycles of sand and mud; 2) conglomeratic beds or pebble lags; 3) erosive based, cross-bedded
medium to coarse grained sand bodies.
Boreen (1989) and Boreen and Walker (1991) concluded that deposition of Viking sands
took place in a variety of shallow-marine, alluvial, and subaerially exposed environments under
regressive and transgressive conditions. They considered that Joffre, Gilby, Sunnybrook, Chig-
well, Caroline and Garrington fields comprise sandstones deposited in shoreface environments,
whereas Crystal, Willesden Green, Sundance and Edson fields comprise sandstones deposited
in paleovalleys (Figure 4.3). Pemberton (1992); Raychaudhuri and Pemberton (1992) and oth-
ers were in direct contrast to Boreen and Walker (1991) and attributed many coarsening-upward
cycles in the Viking Formation to prograding deltas. Most notably however, MacEachern et al.
(1998, 1999a) recognized that Joffre field was deposited during the transgressive systems tract
as an embayment complex. Fields such as Caroline (colloquially known as the Viking ”grits”)
were deposited offshore during transgression (MacEachern et al., 1999a).
Pattison (1991) concluded that uplift in southern Alberta resulted in relative sea level fall
and valley incision (forming surface VE2). Subsequent relative sea level rise resulted in the
filling of these valleys under the influence of tides, and eventually, regional marine trangression
that formed surface VE3. Shoreface deposits (e.g., Joffre and Gilby) related to this transgres-
sion were deposited during pauses in transgression (Pattison, 1991). Renewed progradation
from the SW resulted in the deposition allomember D. Allomember D is composed of fine-
grained hummocky cross-stratified sandstone punctuated by bioturbated mudstone interbeds.
Following deposition of allomember VD, Walker (1995) made the argument that surface VE4
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marked a major base level fall that shifted the Viking shoreline east into Saskatchewan prior
to the transgression marking the introduction of marine shales of the Westgate (unnamed Col-
orado Shales of the time). Walker (1995) argued that betweenthe VE4 surface and the marine
mudstones of the Westgate, there exists another complete sequence, albeit recorded only in
eastern Alberta and Saskatchewan (Figure 4.6).
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Figure 4.3: A summary of Viking allostratigraphy in Willesden Green, Crystal with Gilby and Joffre interpreted as shoreface deposits
(Boreen and Walker, 1991). Circled numbers indicate VE surfaces. Circled letters indicate Facies Associationsin ll members. Note
that the exact stratigraphic location of VE1 (which separates A from B) was not known at the time. Names in capitals (Caroline, etc.)
indicate stratigraphic position of producing oil and gas fields.
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Davies and Walker (1993) re-evaluated Caroline and Garrington fields using the allostrati-
graphic framework developed by Boreen (1989); Boreen and Walker (1991) and Pattison (1991).
They regarded allomember D to consist of a single coarsening-upward succession of biotur-
bated muddy sand, grading into hummocky and swaley cross-stratified sandstone. Locally,
swaley cross-stratified sandstone was replaced by 5 m of coarse-grained channel-fill sandstone
overlain by a paleosol. Allomember E contains a coarse-grained basal layer above VE4 that
graded into black shales. The basal layer, which varies from10 cm to 8 m thick, contained
pebbly mudstone, sandstone and conglomerate and was the major Viking reservoir at Caroline
and Garrington (Davies and Walker, 1993). This basal layer was equivalent to the ”Viking
grits” of Viking A (Stelck, 1958; Hein et al., 1986). Hein et al. (1986) refer to Viking ”B” as
the reservoir, whereas Davies and Walker (1993) indicates that the reservoir lay in the Viking
”A” grits. Davies and Walker (1993) proposed that VE4 was a stepped erosional surface that
was initially subaerially exposed with subsequent transgre sion of the lowstand systems tract
(Figure 4.3). They suggested that pauses in transgression created the erosional steps.
Amajor and Lerbekmo (1980) had suggested that Joarcam was deposit d as an offshore
tidal bar or ridge. However, as the sequence stratigraphic model became more widely applied,
the idea that sandbodies should be interpreted as offshore bars or ridges became difficult to
justify (Posamentier and Chamberlain, 1993). Instead, it became increasingly clear that relative
changes in sea-level had been the major control on the accumulation, and preservation of such
deposits in the Viking Sea.
Re-evaluation of the Reinson et al. (1988) study of Crystal field by Pattison (1991) and
Pattison and Walker (1994) suggested that the Crystal field was composed of two distinct valley
fills rather than a tidal channel (Figure 4.4). In the Crystalfield, the valley fill reservoir is 55
km long, 7 - 12 km wide, and up to 32 m maximum thickness. They represented the Viking
Formation in the Crystal field by only three depositional settings: 1) below sequence boundary
1 (SB1), there are up to five coarsening-upward cycles consisti g of mostly shallow-water
sediments deposited in an open marine setting; 2) SB1 and SB2delineated the bases of two
valley fills; 3) transgressive marine shales rest on TSE3 (transgressive surface of erosion 3) and
TSE4. TSE3 and 4 are equivalent to VE3 and VE4 of Boreen (1989)and Boreen and Walker
(1991).
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Figure 4.4: Facies associations in valley fills 1 and 2 of Crystal field in cross section A-A’ (Pattison and Walker, 1994). Note that with a
TSE amalgamated with the SB, it is clear that Crystal is filled by at least two discrete sequences.
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Pattison and Walker (1994) recognized that valley fills in Crystal represented incision from
former rivers produced by base level fall, which were subsequently transgressed. A relative
fall in sea level of approximately 35-45 m was interpreted tohave created SB1. Subsequent
transgression filled the valley with marginal marine facies. A second major lowering (approx-
imately 30 m) of relative sea level led to incision of valley 2. This finding corroborates with
Pemberton et al. (1992a) who attribute Crystal field as having been formed due to a major sea
level lowstand and subsequent infilling during rising sea level.
Reynolds (1994) attempted a regional-scale sequence stratigraphic study of the Viking For-
mation, including the Harmattan, Joffre, Chigwell, Crystal, and Joarcam fields. This large-scale
study attempted to revise the newly developed sequence stratigraphic model for the Viking For-
mation and aimed to contribute to the debate on the origins ofthe sequence bounding uncon-
formities. Reynolds (1994) chose to name the Viking erosional surfaces using the terminology
of Boreen (1989) and Boreen and Walker (1991), however chosen t to use their allostrati-
graphic model because: 1) key surfaces pass distally to correlative conformities; and 2) the
Viking sandstones occur below and above the oldest and youngest discontinuity surfaces. Con-
sequently, Reynolds (1994) does not refer to members bounded by bounding discontinuities as
allomembers. Reynolds (1994) stated that shoreface deposits f rming the reservoir at Joarcam
and Caroline were dominated predominantly by tides and storms. The most notable deviation
from previous studies is his interpretation of VE2 forming entirely under subaqueous condi-
tions with a tidal shelf deposit overlying it. Boreen (1989)and Boreen and Walker (1991) had
attributed VE2 to subaerial erosion. Reynolds (1994), however, attributed the elongate nature
of producing fields to have been created by tidal scour, and later infilled by tidal deposits.
The Willesden Green and Crystal Fields had already been shown to contain brackish-water
trace fossil associations directly overlying VE2 in both heterolithic and sandstone succes-
sions by Boreen, 1991, Pattison, (1991, 1992); Reinson et al., (1992), and concurrently by
MacEachern and Pemberton (1994) and Pattison and Walker (1994). Likewise, in 1990 and
1991, there were published abstracts and oral presentations and poster displays on the facies
by Tom Boreen, Simon Pattison, George Pemberton, Gerry Reinson, and MacEachern show-
casing the estuarine nature of the facies. Reynolds (1994) ignored the fact that tidal erosion in
a shelf was not possible if the associated facies are brackish or estuarine facies.
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Although the sequence stratigraphic framework for the Viking Formation was starting to 
be more widely applied, and fields such as Crystal and Willesden Green continued to be in-
terpretable as valley fills, the origin of elongate sand lenses such as Joarcam or Joffre were 
debated. Posamentier and Chamberlain (1993) postulated that Member B sandstone at Joar-
cam was deposited during the lowstand systems tract. In contrast, Boreen (1989), Boreen and 
Walker (1991), Pattison (1991) and Walker and Wiseman (1995), stated that shoreface deposits 
at Joffre and Gilby were deposited during stillstands during the VE3 transgression.
In most Viking Formation studies of the 1980s and 1990s, researchers focussed on small 
areas in producing fields and attempted to determine the sequence stratigraphic depositional 
model for that specific reservoir. The geometry of erosional surfaces and their implication 
regarding the ”big picture” tectonic and sedimentary origin were not discussed in detail, and 
the objectives articulated by Downing and Walker (1988) were not addressed in any systematic 
manner.
4.3 Objectives
The main objective of this chapter is to determine the allostratigraphic relationships between 
the Joli Fou, Viking, and Westgate formations.
4.4 Recent progress in Viking Formation research
Burton and Walker (1999) accepted the Downing and Walker (1988) hypothesis that the Joffre 
sandbody had been deposited during a pause in an overall transgression. Burton and Walker 
(1999) attempted to correlate between Joffre and Mikwan Fenn fields. At Joffre, the sand-
stone interfingered with marine mudstone to the north. This study was in direct contrast with 
MacEachern et al. (1998, 1999a,b) who described Joffre as an embayment-filling, bayhead 
delta with interfingering black, lagoonal muds. The allostratigraphic framework developed by 
Boreen (1989), Boreen and Walker (1991) and subsequently refined by Pattison (1991), 
Davies and Walker (1993), Pattison and Walker (1994), Walker (1995), and Walker and 
Wiseman (1995) was not used by Burton and Walker (1999) although the reason for this is not 
clear.A reason for this departure may have been: 1) having to subdivide VE2 into at least 2 sur-
132
faces (locally amalgamated with transgressive surfaces); 2) needing to propose a plethora of
VE3-related surfaces in order to explain the distribution of facies just in the Pattison (1991)
study area; and 3) the fact that Walker (1995) re-evaluated VE4 to show it required a sub-
aerial unconformity and the shifting of the shoreline into Saskatchewan followed by a stepped
transgression punctuated by high frequency forced regressions in order to explain the multiple
conglomerate deposits intercalated in his Allomember E. This departure served to highlight that
the 5-fold framework envisaged by Boreen and Walker (1991) was far too simplistic and that
each bounding surface was far too complicated to be expressed as a single surface recording a
single origin.
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Figure 4.5: Stratigraphy of the Viking Formation in Burton and Walker (1999). RV= Regional Viking; MFS= possible maximum 
flooding surface within the Joli Fou; BD= bounding discontinuity; B= bentonite; BFS= Base of the Fish Scales marker; HLS= Hamilton 
Lake sandstone. BD-2 represents VE3 while BD-4 represents VE4 of Boreen and Walker (1991). Joffre field was deposited following 
relative sea level fall during pauses in overall transgression. 
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Following relative sea level fall, pauses in an overall transgression deposited shorefaces
such as Joffre (Figure 4.5). MacEachern et al. (1998, 1999a,b) interpreted the Joffr succession
as a bayhead delta complex due to the apparent shape of the basal contact, the predominance
of trough cross-bedded sandstone, pebbly sandstone and conglomerates, and the interstratifi-
cation of conglomeratic sandstones with brackish-water mudstones. This bayhead delta and
estuarine complex was interpreted to have formed during a transgression, comparable to the
regional model of Burton and Walker (1999). Transgression created a broad, NW-SE trending
embayment of the shoreline, separated from the open marine conditions by a barrier beach com-
plex. The bayhead delta hypothesis was supported by trace fossil assemblages which indicated
stressed environments such as those in brackish environments (MacEachern et al., 1999a,b).
Roca (2007) extended the allostratigraphic scheme of Boreen (1989) and Boreen and Walker
(1991) across 63,000 km2 of western Alberta. He also recognized a new surface, VE0, which he
considered to be a transgressive surface superimposed on a sequence boundary that defined the
boundary between the Joli Fou and Viking formations. Boreen (1989) originally termed VE0
as the base of the Viking (BV). Allomembers VA and VB correspond to coarsening upward-
cycles with VE1 separating VA and VB. In Roca (2007), VE3 is the most prominent erosional
surface in the study area, because it beveled underlying allomembers.
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Figure 4.6: A. Nomenclature of alloformations and allomembers in the Joli Fou, Viking, Westgate, and Fish Scales formations. The
VE2 subaerial unconformity was renamed as VE3 since it merges with VE3 further into the basin. B. Schematic sequence stratigraphic
framework for the Lower Colorado allogroup from Roca (2007).
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Paleovalley fills are assigned to allomember VC. Where valley incisions were not present,
allomember VD was bounded by VE3 and VE4. Allomember VD is a corsening-upward
marine succession. Above the marine transgressive surfaceVE4, former allomember E of
Boreen (1989) and Boreen and Walker (1991) is assigned to theWestgate Formation based on
research by Bloch et al. (1993).
4.5 Methods
Eight discontinuities were mapped in the Lower Colorado allgroup starting from the Roca
(2007) study area (Roca et al., 2008). Each bounding discontinuity was given a name relating
to its allostratigraphic position: alloformation (”J” forJoli Fou, ”V” for Viking, and ”W” for
Westgate), ”E” and ”T” represent base level fall and rise, respectively. Numbers represent the
relative sea level cycle (0, 1, 3, 4).
Discontinuities JE0, VE0, WE1, and WE2 are regional transgre sive surfaces that reworked
preceding subaerial unconformities defined by Roca (2007).Transgressive surfaces JT0, VT0,
VT1, VT3 and VT4 cap the rocks deposited in the paleotopographic lows defined by their
corresponding erosional surfaces with which they merge outside the areas of incision. The
adoption of this terminology by Roca (2007) has resulted in the replacement of the term VE2
of Boreen and Walker (1991) with VE3, which represents a morelogical and consistent termi-
nology. An additional relative sea level cycle has been recognized and was tentatively labelled
”M” in (Morrow, 2017), or 1.5 in this study. Allomembers described in this section are located
in the basemap (Figure 4.7), and cross-sections 1 - 5 and A to Jare presented as fold-outs at
the end of this study.
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Figure 4.7: Basemap with working cross-sections outlined in grey. E-W lines are numbered 1 to 5. N-S lines are labelled A through J.
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4.6 Results and discussion
4.6.1 Allostratigraphy of the Joli Fou alloformation
The Joli Fou alloformation as defined by Roca et al. (2008), isbounded at its base by JE0 and its
top by VE0 (Figure 4.6). JE0 marks the initiation of the Joli Fou transgression during the early
Late Albian. This transgression flooded much of the western interior of North America and
connected the Arctic Ocean and the Gulf of Mexico. This discontinuity is identified in much of
Alberta as a sharp log response between non-marine rocks of the Mannville Group overlain by
mudstones of the Joli Fou Formation. Towards the SW, however, a lateral facies change from
Joli Fou and Viking to the fluvio-deltaic Bow Island Formation and appearence of underlying
Basal Colorado sandstones results in the characteristically sharp JE0 contact becoming much
less easily recognizable.
Lithostratigraphically, towards south-central Saskatchewan, the Joli Fou mudstone appears
to thin markedly as a wedge of glauconite-rich, nearshore sandstones (Spinney Hill sandstones)
begin to replace the mudstones. Allostratigraphically however, rocks of the Spinney Hill sand-
stone are situated above JE0 and were therefore deposited during Joli Fou time.
A transgressive lag resting on JE0 is locally observed in core (10-17-24-9W4). Limited
core availability and lack of outcrop within the study area prevent lithological interpretation.
Therefore, much of the Joli Fou alloformation is interpreted from its log response. Typically
core is available at the contact between the Mannville Groupand the Joli Fou Formation, JE0
is typically accompanied by inoceramid bivalve fragments (Figure 4.8).
The Joli Fou alloformation is dominated by offshore marine mudstone throughout most
of the Western Canada Foreland Basin. The Joli Fou has a sheet-like geometry throughout
the study area, thinning only slightly towards the NW (Figure 4.9). In northern Alberta, it
onlaps the NE-SW trending Smoky River Ridge (Vannelli et al., 2017). It can be divided by
one internal regional flooding surface (JE1), which separates llomember A (JA) and Joli Fou
allomember B (JB) (Figures 4.10, 4.11).
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Figure 4.8: Inoceramid shells near JE0 from HB Cessford G.U.1, 7-26-24-13W4, depth: 904.0 m.
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Figure 4.9: Isopach map of the total Joli Fou alloformation thickness. Contour interval: 4 m.
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Figure 4.10: Isopach map of allomember JA. Contour interval: 4 m.
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Figure 4.11: Isopach map of allomember JB. Contour interval: 4 m.
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JE1 is recognizable in the northern part of the study area, where a sharp and distinct inflec-
tion occurs on the wireline logs (e.g., 1-34-40-24W4).
In Township 24, by contrast, stacked shoreface sandstones are common within JB. In core
of 16-20-24-15W4, JB contains pebble lags, sideritized mudstone clasts, trough cross-bedded
sandstone, and bioturbation. Further to the north and east,the Joli Fou alloformation becomes
dominated by offshore mudstone. In Saskatchewan, glauconite-rich, sandstones of the Spinney
Hill form a facies within JA, indicating the probable position of the Joli Fou shoreline in the
east.
VE0 is the regional amalgamated lowstand and transgressiveurface that separates the Joli
Fou alloformation from the Viking alloformation. In Boreena d Walker (1991), this surface
was termed the ”base Viking” and was defined as the inflection poi t of the first prominent
shoulder of the resistivity geophysical well log above the Joli Fou alloformation.
4.6.2 Allostratigraphy of the Viking alloformation
The Viking alloformation comprises allomembers VA, VB, andVD in ascending order divided,
by 4 master surfaces (VE0, VE1, VE3, VE4) (Figure 4.6). Boreen and Walker (1991) defined
allomember VC, bounded by VE2 at its base, and VE3 at its top. Rca (2007), however, chose
to eliminate VE2, since Roca (2007) believed that it formed during the same relative sea level
fall that culminated in the formation of VE3. The Viking alloformation is dominated by deltaic
sandstones and bioturbated facies. In the SW, sand-rich nearshore environments are replaced
by deltaic facies of the lithostratigraphically equivalent Bow Island Formation and alluvial
deposits of the Mill Creek Formation. The Viking alloformation thins gradually to the north
and east Figure(4.12). Unfortunately, little core is available through allomember VA.
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Figure 4.12: Isopach map of the entire Viking alloformationbetween VE0 and VE4. Contour interval: 5 m.
145
Allomember VA is bounded by VE0 at its base and VE1 at its top. In the south (i.e. Twp
24), the allomember is dominated by stacked shorefaces (Figure 4.13). Allomember VA is
thickest in the south (maximum thickness approximately 23 m) around Range 12W4. A linear
region of thickening, trending SW-NE from Township 24 Range26W4, to Township 40 Range
28W3 is apparent in the isopach (Figure 4.13). Northwards, VA thins and is characterised by
a coarsening-upward succession. Examples of this can be observed in cross-section (in the
pocket of this thesis) Twp 36 at 4-16-36-11W4 (core 4-13-36-11W4) and Range 12 at 6-27-33-
12W4 (core 11-26-33-12W4).
Allomember VB is bounded by VE1 at its base and VE3 at its top. VB is composed of up
to 32 m of stacked shoreface and deltaic sandstones in the SW part of the study area (Figure
4.14). These sandstones thin across a lineament that runs NW- SE across the study area.
Reservoir-quality sandstones including Joffre align with the lineament, suggesting a possible
structural control on deposition. Allomember VB thins gradu lly eastwards to approximately
4 m (Figure 4.15).
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Figure 4.13: Isopach map of allomember VA. Contour interval: 4 m.
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Figure 4.14: Isopach map of allomember VB. Contour interval: 4 m.
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Figure 4.15: Isopach map of allomember VB with superimposedViking Formation oil and gas pools. The pools outlined in redappear
to line-up with the zone of thinning that runs NW-SE in allomeber VB, and is prominent in the total Viking alloformation isopach.
Original map from Boreen and Walker (1991). Contour interval: 4 m.
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Allomember VD is defined by surface VE3 at the base and surface VE4 at the top.Al-
lomember VD comprises a thick (up to 40 metres) series of stacked shorefaces and delta lobes
in the south (i.e. Twp 24) that thin markedly along a lineament ru ning NW-SE across the study
area (Figure 4.16). Deltaic packages prograding from the south lap out abruptly along this lin-
eament. To the north of the study area, Morrow (2017) showed that allomember VD thins
to approximately 1 m. Generally, allomember VD grades northward from stacked shoreface
sandstones along the southern margin of the study area to thin sandstones and mudstones. East-
wards, bounding surfaces become difficult to correlate due to abrupt onlap of thick sandbodies
onto the lineament and a lateral facies change from sand- to mud-dominated. In Saskatchewan,
allomember VD can be easily misinterpreted as part of the Westgate Formation because the
Viking ”sands” are thin, muddy, and pervasively bioturbated. This is particularly evident in
Township 32 in Dodsland field where mud-dominated bioturbated facies are gas-prone. Unlike
older allomembers, VD is the only allomember with a significant change in thickness from
north to south, and also shows the most significant facies change.
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Figure 4.16: Isopach map of allomember VD. Deltaic sandstones of allomember VD thin markedly along the NW-SE-tr e n d i n g  
lineament. North of the lineament, mudstones dominate. Contour interval: 4 m.
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4.6.3 Allostratigraphy of the Westgate Formation
Lithologically, the Westgate Formation comprises black mudstone with thin lenses of lower
very fine-grained sandstone (facies 1). The Westgate alloformation is bounded at its base by
VE4 and its top by the Base Fish Scales Marker (Figure 4.17). VE4 is a distinct log marker
and is typically associated with a transgressive pebble lagsharply overlain by mudstones of
the Westgate Formation. VE4 marks the end of the regressive Viking time, and the beginning
of continental-scale flooding typified by black shales of theW stgate Formation. Roca et al.
(2008) described the Westgate alloformation as a pronounced wedge that thins from over 600
m thick in the NW to<40 m in the south.
The three Westgate allomembers, WA, WB, and WC onlap successively on to VE4 south-
wards (Figure 4.17). Allomember WB onlaps on to VE4 in the SW and ppears to be controlled
by the NW - SE trending hinge-line that controls reservoir alignment in allomember VB (Fig-
ure 4.18). Further south, allomember WC passes laterally into nearshore coastal plain deposits
assigned to the Bow Island Formation (Figure 4.19) (Roca et al., 2008).
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Figure 4.17: Wheeler diagram illustrating the extent of Westgate allomembers. In the study area (outlined with a dottedblack line), the
Westgate alloformation can be sub-divided into two allomemb rs, WB and WC. The bounding discontinuity separating WB from WC
is called WE2. This surface represents another base level fall within the Westgate alloformation. From Roca et al. (2008).
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Figure 4.18: Isopach map of allomember WB. This allomember thins to a zero edge in the SW portion of the study area where it onlaps
onto VE4. Note that distribution of this allomember appearsto be controlled by the NW-SE-trending lineament. Contour interval: 2 m.
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Figure 4.19: Isopach map of allomember WC. Allomember WC is th nnest in the SW (approximately 20 m) and thickest in the far
eastern corner of the study area (approximately 56 m). Contour interval: 2 m.
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Chapter 5
PALEOGEOGRAPHIC EVOLUTION
5.1 Introduction
The previous chapter summarized sequence stratigraphy, allostr tigraphy, and its application to
the Joli Fou, Viking and Westgate formations. This chapter will synthesize the tectonic history,
sedimentary facies, and regional allostratigraphy to reconstruct the paleogeographic evolution
of the Lower Colorado allogroup. Particular emphasis will be placed on the middle late Albian
Viking Formation.
5.2 Background
The paleogeographic history of the Lower Colorado allogroup can be divided into 3 parts: Joli
Fou transgression, Viking regression, and Westgate transges ion. Each of these formations is
distinguished by changes in sediment source area, drainage, and depositional systems.
5.3 Objectives
The main objective of this chapter is to examine the complex stacking patterns exhibited by
parasequences in the Viking, and Joli Fou alloformations.
5.4 Methods
Maps of sandstone distribution were constructed by measuring the thickness of ’clean’ sand-
stone, which had a gamma ray response of<85 API units. Such maps could be interpreted
to represent the distribution of nearshore, more sand-richenvironments (Figure 5.1). Coupled
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with facies analysis and allostratigraphy, sandstone distribution maps outlined in blue in Figure
5.1 provide a means to determine the pattern of shoreline migration during deposition of the
Lower Colorado allogroup.
Sandstone isolith maps were constructed after correlations were completed. Individual
sandstone parasequences were mapped across the entirety ofthe study area, taking care to
note their lapout patterns. These individual sandstones bodies were then grouped with other
sandstones of similar age (e.g., lower allomember JA) and depositional location (e.g., SW
corner of the study area). For example, JA sandstone 1 sands are an amalgamation of several
Spinney Hill sandstones.
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Figure 5.1: A) Allomembers annotated on the relative sea level curve illustrate changes in the accommodation:supply ratio during
deposition of the Joli Fou and Viking alloformations. B) Sandstone distribution maps in allomembers JA, JB, VA, VB, and VD. Sandstone
packages within allomembers were mapped using gamma ray response. Boxes outlined in blue are examined in greater detailin this
chapter. Black arrows represent the direction of coastal progradation, and relative volume of sand supplied in each time slice. These
sand distribution maps illustrate the numerous high-frequency transgressive-regressive cycles in the Lower Colorado allogroup. Added
together, isolith sandstones within each allomember repres nt overall trends in the relative sea level cycle (e.g., sea level under negative
accommodation) in each allomember.
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5.5 Results and discussion
During the early Late Albian (102-104 Ma), the interior of North America was flooded by 
the Skull Creek-Joli Fou transgression, which appears to mark a global sea-level rise (Nauss, 
1947; Stelck, 1958; Eicher, 1960; Williams and Stelck, 1975). This marine transgression is 
represented in Alberta and parts of Saskatchewan by mudstones of the Joli Fou Formation. 
Fauna within the Skull Creek Sea represent a mixed assemblage of fully marine Arctic and 
Gulf of Mexico fauna, suggesting a connection existed between the two oceans (Stelck, 1958; 
Walaszczyk and Cobban, 2016). Additional macrofauna present in the Joli Fou Formation 
include bryozoans, inarticulate brachiopods, and ophiuroids (brittle stars) Simpson (1982).
Although the Viking Formation is marked by a time of regression (e.g., Williams and 
Stelck, 1975), the allomembers in this study are in fact composite bodies of rock, composed of 
numerous, high-frequency transgressive-regressive cycles that collectively, are bounded by the 
major composite sequence-bounding/flooding surfaces (JE0 through VE4). This project did 
not attempt to break the allomembers down into their component systems tracts but rather, 
aimed to examine the cause of  these high-frequency sea level fluctuations (Figure 5.2).
5.5.1 Allomembers JA and JB
In south-western Saskatchewan, mudstone of the Joli Fou Formation grades laterally to fine-
grained, shaley, glauconitic nearshore sandstones of the Spinney Hill Sandstone Member (Fig-
ure 5.3). Allostratigraphically, these sandstones are age-equivalent o allomember JA (Figure 
5.1 JA sand 1, 5.4).
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Figure 5.2: Cycles of relative sea level rise and fall within larger cycles of relative sea level rise and fall. Although the Viking 
represents an overall sea level fall, individual sandstones within allomembers show high-resolution fluctuations in relative sea level. 
Blue represents sea level rise, red represents sea level fal .
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Figure 5.3: Lithostratigraphy of the Joli Fou in Saskatchewan, illustrating the lithostratigraphic relationship betw en the Joli Fou,
Spinney Hill Sandstone, and Viking Formation. From Simpson(1982).
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Figure 5.4: Sand distribution maps with core (where available) and the nearest available wireline logs in JA depict a lateral facies
change from nearshore Spinney Hill Sandstone in the east to mudstone-dominated facies in the west. Facies stacking pattern suggests
that relative sea level was rising as this allomember was deposited, resulting in an upward-deepening (FA1) succession with lower very
fine-grained sandstone and inoceramid fragments at the base of the Joli Fou Formation, grading up to mudstone (Facies 1).
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Sand distribution maps (Figure 5.1 JA) across the study areasuggest that sandstone deposi-
tion within JA was initially supplied from the NE until accommodation outpaced sedimentation
and flooded the NE. This is evident in the disappearance of north-easterly sourced Spinney Hill
Sandstones in JA at the level of the ’sand 2’, where it is clearth t sand was supplied from the
SW (Figure 5.1 JA). Core from JA sand 1 shows an upward-deepening facies succession that
suggests transgression was occurring (Figure 5.4).
Detailed allostratigraphy and core analysis by Vannelli (2016) and Morrow (2017), coupled
with the present study confirm that a regional flooding surface, termed JE1 terminated the
deposition of allomember JA (Figure 5.1, 5.4, 5.5 middle). This regional flooding surface
shows that the Joli Fou alloformation consists of at least two allomembers. This discontinuity
may represent the maximum flooding of the Skull Creek seaway.Allomember JB comprises at
least three coarsening-upward successions in an overall shallowing-upward succession (Figure
5.1 JB, 5.6). It is marked by nearshore sandstone depositionin SW Alberta.
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Figure 5.5: Left: A paleogeographic map showing the SpinneyHill sandstone (from Simpson 1982) in relation to the Joli Fou mudstones
at the beginning of transgression (allomember JA). Middle:JE1 Maximum transgression during the middle Joli Fou terminated Spinney
Hill sandstone deposition. Right: Sandstone deposition inSW Alberta during allomember JB time (Vannelli et al., 2017). Maps modified
from Blakey (2011).
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Figure 5.6: Sand distribution maps with core (where available) and the nearest available wireline logs in allomember JB depict concen-
tration of sedimentation in the SW. During allomember JA, Spinney Hill sandstones were supplied from the north-eastern shore of the
Skull Creek seaway, whereas in allomember JB, sediment was supplied from the SW.
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Allomember JA was deposited in an overall deepening environment, culminating in maxi-
mum transgression (JE1). By contrast, allomember JB was deposit d during highstand, where
the rate of accommodation (transgression) was slowing down, allowing deltas to prograde from
the SW corner of the study area.
5.6 Middle Late Albian Viking regression
The deposition of Viking Formation and equivalent sandstones marks the narrowing of the
Skull Creek Seaway (Williams and Stelck, 1975) and the beginning of progradation of coastal
depositional systems during the middle Late Albian.
5.6.1 Allomember VA
Allomember VA is the oldest allomember in the Viking alloformation and is bounded by se-
quence boundaries VE0 and VE1. The isopach map of VA shows themaximum thickness
occurring across the study area in a SW-NE trending region (Figure 4.13); however, most
sandstone in allomember VA was deposited in the NW part of thestudy area (Figure 5.1 VA).
During the early part of allomember VA, the supply of sand wasconcentrated in the SW
until middle to late VA time, when the locus of sedimentationchanged from the SW to the
NW (Figure 5.1 VA). Regional sandstone distribution maps suggest that Viking regression
commenced in the SW as sedimentation began to slowly outpaceaccommodation, but that ac-
commodation did not become negative until late VA time. Figure 5.7 illustrates three wireline
logs and their corresponding cores in a depositional dip-oriented cross-section. The northern-
most core depicts a normally graded (shoaling-upwards) FA2succession. Further south the
same succession becomes sharp-based (FA3), indicating thebeginning of Viking Formation
forced regression of the FSST.
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from normal regression, to sharp-based forced regression indicating a change from positive accommodation during JoliF u time to
negative accommodation.
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Although allomember VA is attributed to the beginning of an overall fall in relative sea level
(FSST), sandstone distribution maps also indicate that each allomember comprises numerous
high-frequency sequences, each of which embodies evidence for relative sea level rise and fall.
Maill (2010) describes this phenomonon as ”cycles within cycles”, indicating small fluctua-
tions of relative sea level, the sum of which indicate the beginning of negative accommodation
in allomember VA.
5.6.2 Allomember VB
Allomember VB is bounded by discontinuities VE1 and VE3 and reaches a maximum thickness
of approximately 32 m at Twp. 28 - 30, Ranges 26W4 - 24W4 (Figure 4.14). In allomember
VB, the point at which sand was supplied was initially located in the SW or west, with cor-
responding coastal progradation to the NE and east (sands 1 through 4). Overlying sands 5
though 8 show an abrupt switch to a source in the NW, with progradation to the SE. Sand-
stone bodies in allomember VB that host major Viking Formation oil and gas pools (Gilby,
Joffre, Mikwan, and Fenn) were deposited under forced regressive conditions, and appear to
have formed deltaic bodies that prograded from NW to SE (Figure 5.1 VB). All of these sand-
stone bodies lapout along a NW-SE-trending hinge line that is evident in the isopach map of
allomember VD (Figures 4.15, 4.16). The forced-regressive nature of this allomember is ev-
ident in cores from Joffre field (Figure 5.9). These sharp-based shoreface sandstones are an
indication that overall sediment supply was abundant while the rate of accommodation was
progressively decreasing (Figure 5.8, 5.9).
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Figure 5.9: Sand distribution maps with core (where available) and the nearest available wireline logs in allomember VBat Joffre Field
depict a change to sharp-based forced regression, indicating change in the rate of accommodation. 4/E denotes that this wireline log
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The current study aims to examine the big picture stratigraphy of the Lower Colorado al-
logroup. In allomember VB, sandstones were deposited on thefalling limb of sea level. How-
ever, examining allomember VB at closer range reveals two discrete discontinuities defined as
BD1 and BD2 in Burton and Walker (1999). This indicates that several high-frequency cycles
occurred in VBwithin allomember VB.
5.6.3 Allomember VD
Viking allomember VD is bounded by surfaces VE3 and VE4 and records the last regressive
pulse of the Viking alloformation before transgression anddeposition of Westgate alloforma-
tion sediments. In the study area, allomember VD is composedf stacked shoreface sandstones
(maximum thickness 40 m) that progressively onlap towards the NE onto a NW-SE trending
lineament (Figure 4.16). North of the lineament, allomember VD sediments are approximately
6 m thick. Sandstone distribution maps of allomember VD depict show that sediment supply
switched to a source primarily in the SW (sands 1 - 6), shifting later to a source in the south
(Figure 5.1 VD, sands 7-8).
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Figure 5.10: Reservoir-quality sandstones in allomember VD are concentrated in the south, and pinch out northwards. These sandstones
are indicative of negative accommodation during allomember VD time.
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Allomember VD represents a time of renewed tectonic loadingin northwest Alberta and
British Columbia where the allomember is represented by up to about 100 m of offshore marine
mudstone (Rylaarsdam, 2006; Angiel, 2013; Buckley et al., 2016; Plint et al., 2018). In central
Alberta, allomember VD thins to a few metres or is absent entir ly (Walker, 1995; Morrow,
2017). Mapping of allomember VD shows that the flexural forebulge trends SW - NE across
the basin and further east. This is approximately perpendicular to the lineament that trapped
deltaic bodies from prograding north of the lineament (Figure 4.16).
5.7 Late Late Albian Mowry transgression
Following regression during the middle Late Albian, a majortransgressive event, recorded as
the VE4 surface in the study area, marks the beginning of transgression in the Western Inte-
rior. This seaway, known as the Mowry Sea, was not as extensiva the Skull Creek-Joli Fou
Seaway, as it did not connect the Arctic Ocean to the Gulf of Mexico. The Mowry/Westgate
Sea transgressed from the north, with progressive onlap of Westgate allomembers onto VE4,
as shown by Roca et al. (2008). Nonetheless, Mowry flooding ended regressive sedimenta-
tion recorded by Viking strata, and marked the onset of deposition of marine mudstone of the
Westgate alloformation, which provides the local record ofthe Mowry Sea.
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Chapter 6
CONTROLS ON SEDIMENTATION
”Beautiful is what we see, more beautiful is what we know, most beautiful by far is what we
don’t.”
- Nicolas Steno
6.1 Introduction
As discussed in the previous chapter, the Lower Colorado allogroup is composed of rocks de-
posited during transgression, and both normal and forced regression. Using facies associations,
allostratigraphy, and sand distribution maps, this study has shown that: 1) each allomember was
deposited at the third order sequence scale and is composed of maller, higher-frequency se-
quences that resulted in the deposition and migration of sandsto es; 2) allomember JA was de-
posited as sea level was rising and that JE1 probably represents the maximum flooding surface
during Joli Fou time; 3) allomember JB represents a highstand time when sediment supply was
slowly increasing; 4) sharp-based shoreface sandstones inViking allomembers VA, and VB
may imply relative sea level fall that resulted in the depositi n of isolated, linear sand bodies;
and 5) shoreface sandstones in allomember VD are controlledby a NW-SE trending lineament.
6.2 Background
The Cretaceous Period is largely regarded as a time of ’greenhouse’ conditions (Lini et al.,
1992; Föllmi et al., 1994; Wilson et al., 2002; Keller, 2008). Geologic evidence indicates that
the mid to Late Cretaceous was a particularly warm phase of Earth history, during which ther-
mophilic floras and faunas spread to the high latitudes (Herman and Spicer, 2010). Higher
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mid-Cretaceous atmospheric carbon dioxide concentrations probably resulted in global aver-
age temperatures being about 8oC higher than present (Caldeira and Rampino, 1991) with sea
surface temperatures in the mid-Atlantic approximately 3-5oC warmer than today (Wilson and
Norris, 2001) (Figure 6.1).
Plants in the high Arctic adapted their foliage to nearly 24-hour diffuse light in the summer,
and little to no light in the winter. Deciduous plants adapted to dark, warm winters by dropping
foliage in order to reduce respiratory costs, and evergreens adapted to desiccation by reducing
leaf size (Herman and Spicer, 2010). Climate, vegetation and ocean interaction simulations
by DeConto et al. (2000) found that further south, broadleafangiosperms, ferns and shrubs
dominated niches where grasslands dominate today.
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Figure 6.1: The Walter biome zones for the Late Cretaceous, based on model-predicted temperatures and precipitation from Sellwood
and Valdes (2006).
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18O values of pedogenic siderites indicate that precipitation was intensified during the
Cretaceous, particularly in the Western Interior (Ufnar etal., 2002, 2004; Suarez et al., 2010,
2011; Ludvigson et al., 2015) (Figure 6.2). Redoximorphic features in the Lower Cretaceous
upper Blairmore Group (SW Alberta) suggest a warm to cool temp rate climate, characterized
by seasonal saturation of soils. In NE British Columbia, age-equivalent paleosols indicate a
continually cooler and wetter climate throughout the year (Leckie et al., 1989). Ufnar et al.
(2004) suggested that precipitation played a greater role in warming higher latitudes compared
to today.
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Figure 6.2: Modelled precipitation and evaporation rates for the Albian and Campanian (Ufnar et al., 2002). The red dot represents the
approximate location of Viking Formation sediments in thisstudy, based on the inferred paleolatitude of the deposits.
178
Extensive paleontological, geochemical, and sedimentological study of Cretaceous rocks
indicate that it was a time of warm and relatively wet conditions devoid of polar ice. However,
these studies do not address how a major regression occurred in the relatively tectonically
inactive middle Late Albian during the span of about 1.4 MY without the development of
terrestrial ice sheets and how, just as quickly, major transgression occurred.
6.3 Objectives
The last part of this study is to consider the mechanisms that might underlie the causes of rela-
tive sea-level change and change in volume of sediment supplied - factors that were ultimately
responsible for the stratigraphy that we see today.
6.4 Methods
Approximately 1 in3 samples of bentonite clay were sampled from 7-18-26-14W4 (933.8 m
depth, total bentonite thickness: 15 cm) and 11-9-24-25W4 (approximately 1516.5 m depth, to-
tal bentonite thickness: 90 cm) at the core repository in Calgary, Alberta in May 2017. Samples
were taken from bentonite layers that appeared to be devoid of contamination. Uranium-lead
(U-Pb) geochronology by isotope dilution thermal ionisation mass spectrometry (ID-TIMS)
was completed at the University of Toronto in February 2018 by Dr. Sandra Kamo.
6.5 Results and discussion
6.5.1 Controls on Lower Colorado Group paleogeography
Uranium-lead geochronology by Dr. Kamo suggests that the Viking alloformation spans ap-
proximately 1.4 My. Therefore, the rapid (third order) directional changes and high-frequency
transgressive-regressive nature of sand isoliths within each allomember suggests that eustasy
controlled Lower Colorado allogroup deposition far more than tectonism, which would have
resulted in a wedge-shaped allomember geometry.
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6.5.1.1 The Joli Fou alloformation
The marine Joli Fou mudstone is often described as a sheet-lik body across much of the
Western Interior; however, regional studies show that the Joli Fou thins from approximately 42
m at 51oN (Twp. 24) to<5 m at 58oN (Twp. 100). Towards the SW (approximately Twp. 24),
the Joli Fou grades laterally into alluvial rocks lithostratigraphically assigned to the Bow Island
and Mill Creek formations, disappearing along a zero-edge at the Foothills (Mellon, 1967).
In NW Alberta and adjacent British Columbia, an arcuate depoc ntre adjacent to the Cordillera
is filled with up to 100 m of alluvial and lagoonal sediments, forming a wedge that onlaps pro-
gressively eastward onto a 550 km long NE-trending erosional high termed the Smoky River
Ridge (Vannelli et al., 2017). Along the eastern side of the ridge, marine mudstones of the Joli
Fou alloformation onlap. Since both the Lower Paddy and JoliF u strata onlap onto opposite
sides of the Smoky River Ridge and overlying strata from bothsides of the Smoky River Ridge
are coeval, it can be inferred that the Lower Paddy and Joli Fou are contemporaneous deposits
(Vannelli et al., 2017; Plint et al., 2018) (Figure 6.3).
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Regional studies indicate that allomembers JA and JB were probably deposited in the back-
bulge basin at the same time that early Paddy lagoonal sediments were deposited in the NW
(Buckley et al., 2016; Vannelli et al., 2017; Plint et al., 2018). Although tectonism appears to
have been active in the NW (early Paddy) (Buckley et al., 2016; Vannelli et al., 2017; Plint
et al., 2018), there is no indication that the Joli Fou sediments in south central Alberta and
Saskatchewan were affected (Figure 6.4). Regional correlations show that there are v riations
in subsidence; nevertheless, it is possible to follow subtle flooding surfaces from one depocen-
tre to the other, indicating that tectonic subsidence was overprinted by a eustatic mechanism.
Therefore, the presence of high-frequency transgressive-regressive cycles in south central Al-
berta in Joli Fou-aged rocks suggests eustasy as the controlling mechanism (Figure 5.1).
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Figure 6.3: A. Lithostratigraphic and allostratigraphic terminology used in Plint et al. (2018)
based on Bloch et al. (1993), Roca et al. (2008), and Vannelliet al. (2017); B. Summary of
allostratigraphic relationships between the Joli Fou, Pelican, Paddy, and Viking alloforma-
tions (Roca et al., 2008). Allomembers PA-PF onlap on to the Smoky River Ridge (intersec-
tion point of fence diagram) and are probably age equivalentto the Joli Fou alloformation.
Paddy allomembers PG-PI are equivalent to Viking allomember VA. Viking allomember VB is
equivalent to Pelican allomembers PeC and PeD. These allomeme bers are truncated by VE3.
Colours represent age-equivalent units. Reprinted with permission from Wiley and Sons.
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6.5.1.2 The Viking alloformation
Shallow-marine units consisting of erosively based gravelly deposits within the Viking For-
mation appear encased in offshore marine mudstone. Making an assessment of the strati-
graphic relationships of these different facies led researchers to deduce that process-related 
mismatches- such as shallow marine sandstone facies over- and underlain by offshore mud-
stone were probably the result of relative sea level changes. However, determining the cause 
of these fluctuations in sea level has been difficult to evaluate.
U/Pb dating of zircon crystals in bentonites of 7-18-26-14W4 and 11-9-24-29W4 suggest 
that the Viking alloformation spans approximately 1.4 MY. (Peper, 1994; Roca et al., 2008). 
Within the study area, allomember VA thins subtly to the NW and SE and gives no indication 
of a SW-thickening wedge-like geometry indicative of syn-depositional tectonic subsidence. 
In NW Alberta, the Paddy alloformation’s allomembers PG-PI are interpreted to be equivalent 
to allomember VA and record diminishing tectonic subsidence and the increasing influence of 
a distributed sediment load (Vannelli et al., 2017; Plint et al., 2018) (Figure 6.4).
Allomember VB is thickest in the SW, where it reaches a maximum thickness of 32 m. 
Regional-scale allostratigraphic studies have shown that allomember VB was deposited at a 
time of minor flexural subsidence and was apparently coeval with a period of active unloading 
in the NW where VB is equivalent to regional unconformity (Roca et al., 2008; Vannelli et al., 
2017; Plint et al., 2018). Up to 32 m of deltaic sediments were deposited in a subtle trough that 
becomes unrecognisable along the Foothills in the SW (Galić, in progress), which suggests that 
during allomember VB time, subsidence may have occurred as the result of sediment loading 
rather than loading by the orogenic wedge.
Further north, the absence of allomember VB-equivalent Pelican allomembers PeC and 
PeD is interpreted to have been the consequence of a phase of tectonic inactivity, accompanied 
by degradation and subtle isostatic uplift of the orogen and the proximal foredeep (Plint et al., 
2018). This uplift may have resulted in lowstand shorefaces being preferentially deposited 
along the topographically low hinge-line that is readily recognisable in allomember VD (Figure 
6.3, 6.5).
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Figure 6.4: E-W cross-sections drawn at 55o1 ’N, depicting the evolution of successive sed-
imentary units in relation to tectonism. Wedge-shaped Paddy PA-PF record initial rapid sub-
sidence in PA-PC, followed by slowed subsidence from PD-PF.PA-PF are probably age-
equivalent to the Joli Fou alloformation. Sheet-like allome bers PG-PI suggest a diminishing
tectonic load (Plint et al., 2018). PG-PI are age-equivalent to Viking allomember VA. Modified
from Plint et al. 2018. Reprinted with permission from Wileyand Sons.
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Figure 6.5: A depositional model of Viking allomembers VB and VD. In allomember VB time, tectonic unloading resulted in the non-
deposition of Pelican allomembers PeC and PeD, and Viking allomember VB in NW Alberta. This uplift may have activated a fault, and
resulted in a slight topographic low within which sediment was transported preferentially from the uplifted area to form VB lowstand
shorefaces. Following the deposition of the lowstand shorefaces, diminishing uplift and transgression probably led to the erosion of
much of the lowstand shorefaces, leaving small lenses of reservoir-quality gravelly deposits behind. In allomember VDtime, flexural
subsidence in the NW led to deposition of mudstones assignedto the lithostratigraphic Shaftesbury Formation and uplift along the
forebulge led to a thin veneer of allomember VD (Walker, 1995; Roca et al., 2008; Morrow, 2017). Flexural subsidence in the SW
(possibly driven by a tectonic load in the US) may have resultd in the development of a depocentre, controlled by the fault within which
large deltas, now recognized as the Bow Island Formation, developed.
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The growth of ice sheets in the Antarctic resulted from changes in insolation brought on
by changes in obliquity and eccentricity. Ice sheet growth and degradation (Miller et al.,
2005b) may have led to high-frequency transgressive-regressive cycles in the Lower Col-
orado allogroup, particularly allomembers VA and VB. Miller et al. (2005b) argue that the
rate of eustatic fall (approximately 15 - 40 m in< 1 MY) in Cretaceous and Eocene sediments
beneath the New Jersey shelf cannot be accounted for by temperature changes (Pitman and
Golovchenko, 1983) and/or other hypothesized water storage mechanisms such as water stor-
age in lakes, deep-water changes, and ground water. Eustatic changes on the order of tens of
meters in<1 MY can only be produced by the development of ice sheets (Miller et al., 2005a).
Fluctuations inδ18O values in Turonian pelagic carbonates from Italy were correlated to major
regressions and corroborate Miller et al. (2005a) suggest the growth of small ice sheets in the
mid-Turonian led to regression (Galeotti et al., 2009).
Back-stripped sea level records from the intracratonic Russian Platform show a slight fall in
sea level in the Late Albian that may correspond to the middle Late Albian regression (Sahagian
et al., 1996). However, the lack of biostratigraphic and radiometric dating cannot conclusively
prove that the timing of eustatic fall corresponds to sea-level falls interpreted from the stratig-
raphy of the Late Albian rocks in Alberta. Ice sheets probably reached maximum volumes of
8-12 106 km3 but did not reach the coast and were therefore unlikely to have affected oceanic
circulation (Miller et al., 2005b) and climate. Prior to the Eocene, small to medium sized ice
sheets were ephemeral, lasting during insolation minima on the order of 100 ky (Miller et al.,
2005b). Miller et al. (2005a,b) suggest that the rapid growth of ice sheets during the Cretaceous
was probably associated with changes in Earth’s eccentricity.
The current study attempts to elaborate upon the working hypothesis that Viking allomem-
bers were largely the result of eccentricity, and to some extent, obliquity. Plint et al. (2018)
postulated that the gravelly lowstand shorefaces associated with allomember VB were the re-
sult of 105 yr-Milankovitch-band climate cycles, wherein the waxing and waning of small
Antarctic ice sheets led to fluctuations in eustasy. The episodic delivery of gravel was driven
not by tectonic unloading in the orogen, but by a shift in atmospheric circulation due to cli-
mate change, which led to a change in rainfall over the orogen. Plint et al. (2018) and this
study support White et al. (2001) and Ufnar et al. (2002) studies that suggested that a marked
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Figure  6.6: Lower Colorado allogroup isoliths on a relative sea level curve. The Viking alloformation is approximately 1.4 MY Lowest 
eccentricity probably relates to master surfaces indicating the maximum regression (lowstand gravelly shorefaces) and maximum ice 
volume in Antarctica (Kuhnt et al., 2009).
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increase in precipitation in the Albian resulted in long distance transport of gravel as a result
of increased hydraulic flux (Brenner et al., 2003). In addition to changes in rainfall, long-term
tectonic uplift due to erosional degradation of the Rocky Mountains probably steepened rivers
and helped transport gravel further into the foredeep. Stress changes in the crust may also have
played a part, leading to the re-activation of faults. It must be noted however that local tectonics
and changes in magnitudes of intraplate stress can produce intrabasinal topography capable of
changing relative sea level (Peper, 1994). This could presumably affect sandstone distribution
without eustasy.
Additionally, research from North Africa suggests that Cretaceous sediments that represent
lowstand conditions were interpreted to have required on the order of several tens of metres of
sea-level fall. Such events are inferred in the latest Albian, middle Cenomanian, and basal Tur-
onian and were attributed to the growth of ice sheets on Antarctica, and correlate with extended
periods of low eccentricity (Kuhnt et al., 2009). Ice sheet growth was further amplified by a
decrease in obliquity, which, when synchronized with low eccentricity, occur every 2.25 MY
and last up to 800 kyr (Kuhnt et al., 2009). Prominent transgressive events recorded in rocks
from Morocco dated to the latest Albian were probably the result of melting of ephemeral ice
sheets in Antarctica and NE Asia, which formed during low eccentricity. The lowermost part
of the Moroccan succession, deposited during lowstand and consisting of cross-bedded sands
(Kuhnt et al., 2009) may be equivalent to some, if not all of the Viking alloformation.
As noted above, there is little evidence in the form of allomember geometry to suggest
that subsidence played a substantial role in affecting large-scale stratal geometry (wedge vs
sheet) in the Joli Fou and early to middle Viking (VA and VB) in south central Alberta. High
frequency transgressive-regressive cycles (Figure 5.1) within the Joli Fou and Viking allofor-
mations therefore suggest changes in climate that resulted in increased rainfall and erosion
during pulses of localized tectonic subsidence. The most well-developed gravelly lowstand
shorefaces occur in allomembers VA and VB. These shorefaces have little to no equivalent
up-dip alluvial deposits, suggesting that sediment bypass occurred (Plint et al., 2018). This
is similar to the Paddy alloformation where alluvial aggradation took place during phases of
active tectonism, whereas in the upper Paddy (PG-PI), sediment bypass during sea level fall
was recorded when tectonism was largely inactive (Plint et al., 2018).
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In allomember VD, however, active loading in the orogen took place in NW Alberta (Buck-
ley et al., 2016; Plint et al., 2018) and eastern British Columbia (Angiel, 2013). Renewed tec-
tonic activity resulted in the deposition of a wedge of offshore mudstone (Angiel, 2013). In
south central Alberta and Saskatchewan, parasequences in allomember VD are confined to the
south of a NW-SE trending hinge-line that appeared to have acted as a sediment trap. Deltaic
sandstones progressively onlap onto this hinge-zone (Figure 4.16). It is currently unclear what
controlled the hinge, and how it may have affected the Viking/Bow Island alloformations to
the south, but does suggest a new phase of subsidence confined to allomember VD time, and
clearly unrelated to loading by thrust sheets immediately to the SW of the study area.
In this study, it is proposed that much of the sedimentation was due numerous factors in-
cluding erosion of the Rockies and deposition in a subsiding followed by uplifted basin. Shore-
line movements, producing sequences and parasequences, could be attributed to various allo-
genic or autogenic factors, which could include eustasy and tectonism, amongst other things.
This study illustrates the complexity of determining the causal effects of sedimentation in a
shallow basin. Additionally, as observed in isolith maps, changes at which sand was supplied
to the basin (Figure 5.1), particularly during allomembers VB and VD deposition suggests that
repositioning of major rivers took place. Inferred drainage reorientation on the scale of hun-
dreds of kilometres is observed in VB, where the locus of sedimentation changed from SW
to NW. This could be interpreted to be the result of uplift in the NW during tectonic unload-
ing (Figure 6.5). A similar trend is observed in VD were the locus of sedimentation changed
from SW to SE. This may indicate that during VD time, re-orientation of tectonic loads due
to erosion (affected by changes in rainfall patterns) (Ufnar et al., 2002; Brenner et al., 2003)
resulted in increased sediment supply. However, there are few (if any) studies of Late Albian
shallow-marine clastics where the stratigraphy is known in such detail, and hence there is little
published work with which to compare the stratigraphic record from this study. Most of the
Albian climate research comes from pelagic carbonates, which do not record subtle changes in
sea level, such as those seen in the Western Canada Foreland Basin. Additional biostratigraphic
correlations and radiometric dates are needed in order to demonstrate, with greater confidence,
the effects of eustasy on shallow marine clastics during the mid Late Albian of the WCFB.
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Chapter 7
CONCLUSIONS
The Viking alloformation was deposited geologically instantaneously (approximately 1.4 MY)
and marks a time in the mid-Cretaceous Period when the southern opening of the seaway closed
and sea surface area decreased by over 50%. This event probably had major implications on
faunal migration and evolution, but little is understood about the causes of this major paleo-
geographic change.
This study attempts to understand not only the paleogeography of south central Alberta
and adjacent Saskatchewan, but the mechanisms that controlled deposition (and thus paleo-
geography) in the western interior; namely tectonism and eustasy. The findings of this thesis
are summarized as follows:
1. The Lower Colorado Group is a mudstone-dominated unit that extends throughout much
of the Western Canada Foreland Basin. It comprises, in ascending stratigraphic order, the Joli
Fou, Viking, Westgate, and Fish Scales formations. The early Late Albian Skull Creek trans-
gression, represented in Alberta by mudstone of the Joli Fou Formation, was terminated by a
regression that led to deposition of Viking Formation sandstone (and equivalents). The stratig-
raphy of the Joli Fou, Viking and Westgate formations are presented in this study. The study
area for this thesis is located in south central Alberta and adjacent Saskatchewan, spanning
approximately 300 km E-W from Range 26W4 to Range 18W3, and 150 km N-S from Twp.
24 to Twp. 40. The study area is bounded by the study areas of Roca (2007) in the NW, Mor-
row (2017) along the northernmost township 40 to range 16W4, Galić (in progress) along the
southernmost Twp. 24 to Range 6W4, and by Sisulak (2007) along the SW corner of the study
area.
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The recognition and mapping of discontinuities has allowed the Lower Colorado allogroup
to be divided into four alloformations: Joli Fou, Viking, Westgate, and Fish Scales alloforma-
tions. With the exception of the Fish Scales alloformation, which was not studied in this thesis,
eight regional discontinuities were recognized in the Lower Colorado allogroup which used the
terminology established by Boreen and Walker (1991) and expanded upon by Roca (2007).
2. The Joli Fou alloformation was formerly considered as a single stratigraphic unit,
bounded at the base by surface JE0. It was subsequently recognized (Vannelli, 2016; Morrow,
2017) that the unit could be divided into lower and upper allomembers, JA and JB, respectively
separated by surface JE1. Those divisions have been mapped across the present study area.
Allomember JA mostly consists of facies associations that represents progressive deepen-
ing, interpreted to represent the transgressive systems tract. This facies association is char-
acterised by stacked parasequences that show net fining-upwards, bounded at the base by a
sharp wave ravinement surface, commonly with a pebble lag or firmground trace fossil as-
sociation attributable to theGlossifungitiesIchnofacies. Allomember JB consists of subtle
coarsening-upward cycles, interpreted to represent a highstand systems tract. Correlations and
facies analysis suggest that allomember JA was deposited in an overall deepening environment,
culminating in maximum transgression (expressed as surface JE1). In contrast, allomember JB
was deposited during highstand, where the rate of accommodation was slowing, allowing deltas
to prograde from the SW corner of the study area.
3. The regional discontinuities in the Viking alloformation are VE0, VE1, VE3, and VE4.
These surfaces bound allomembers VA, VB and VD, in ascending order. The Viking allofor-
mation forms a wedge of sediment that is thickest (up to 65 m) in south central Alberta (Twp.
24) and thins markedly to 20 m along a NW-SE trending hinge-line.
VE0 and VE1 are distinct surfaces in the study area of Roca (2007), but in the SW, they
become subtle, and difficult to correlate. Allomember VA is thickest in the south (maximum
thickness approximately 23 m) around Range 12W4. A linear region of thickening, trending
SW-NE from Twp. 24 Range 26W4, to Twp. 40 Range 28W3 is apparent. Northwards, VA
thins and is characterised by a single coarsening-upward succession.
Allomember VB is composed of up to 32 m of stacked shoreface and deltaic sandstones
in the SW. These sandstones thin across a lineament that runs NW-SE across the study area.
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Reservoir-quality sandstones, including those that form the Joffre field, directly overlie the
lineament, suggesting a structural control on deposition. However, it has not been possible
to recognize any structure in the sub-Cretaceous rocks that might have resulted in differential
subsidence across the ’hinge’. Allomember VB thins gradually eastwards to approximately 4
m.
Allomember VD comprises a series of stacked shorefaces and delta lobes that are approx-
imately 40 m thick in the south (i.e. Twp 24) but which thin markedly northward across the
same lineament affecting allomember VB. Deltaic packages prograding from the south lap out
abruptly along this lineament.
Cores show that the Viking alloformation contains sedimentary structures such as hum-
mocky cross-stratification, laminated to scrambled beds, erosion surfaces, tool marks, gutter
casts, and deformed beds, interpreted to be the product of storm processes. These structures
are most common in the SW corner of the study area. Sedimentary features interpreted as
syneresis cracks, wave-enhanced sediment gravity flows, and fluid muds suggest the influence
of river floods on sedimentation.
Coarsening-upward facies associations in the Viking alloformation are volumetrically dom-
inated by highstand and lowstand systems tracts whereas erosionally based shoreface sand-
stones represent the falling stage systems tract. The general absence of fining-upward succes-
sions and the prevalence of coarsening-upward and sharp-based shoreface sandstone succes-
sions indicates that the Viking was deposited during repeated sea-level rise-fall cycles, during
an overall period of long-term eustatic fall. This is particularly evident in allomember VB,
which contains sharp-based shoreface sandstones that record progradation from the north and
imply relative sea-level fall under conditions of low accommodation.
4. The Westgate alloformation is bounded below by VE4, which is an amalgamated surface
but appears as a transgressive surface in the study area, commonly with a pebble lag. VE4
marks the end of regressive Viking alloformation sedimentation and the onset of a continent-
scale transgression, represented by mudstones of the Westgate alloformation. The Westgate
alloformation is a wedge of sediment that is thickest in NE British Columbia and thins to the
SE. It comprises three allomembers: WA, WB and WC, bounded by surfaces VE4, WE1, WE2
and FE1, respectively (Roca et al., 2008). Allomember WA laps out north of the study area,
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but allomembers WB and WC persist southward. Allomember WB laps out onto VE4 within
the study area, the onlap limit apparently coinciding with the NW-SE-trending tectonic hinge
that also largely controlled Viking deposition. Allomember WC passes southward into deltaic
and alluvial deposits assigned to the Bow Island Formation.
5. The paleogeographic evolution of the Lower Colorado allogroup can be divided into
three parts: Skull Creek/Joli Fou transgression, Viking regression, and Mowry/Westgate trans-
gression. Each of these formations is distinguished by changes in sediment source area, and
depositional systems. Sandstone isolith maps of the Joli Fou alloformation show that during
the early Late Albian, sand was supplied from the NE, in Saskatchewan. This unit constitutes
the lithostratigraphic Spinney Hill sandstone. The long-term rise in relative sea level during
Joli Fou time is evident in the disappearance of north-easterly sourced Spinney Hill sandstones
in JA. Allomember JB comprises at least three coarsening-upward successions in an overall
shallowing-upward succession that represents deposition during highstand time.
During early allomember VA time, the principal source of sediment was in the SW, and this
situation persisted until middle to late VA time, when the locus of coarse clastic sedimentation
shifted to the NW corner of the study area. Isolith maps and sequence stacking patterns suggest
that Viking regression commenced in the SW as sedimentation began to outpace accommoda-
tion, but that accommodation did not became negative until late VA time. Allomember VA is
a transitional time during which long-term accommodation became negative and normal re-
gression changed to forced regression. Allomember VB represents a time dominated by long-
term negative accommodation, ending with the deposition of lowstand gravelly shorefaces that
form important hydrocarbon reservoirs. All of these sandstone bodies are sharp-based and on-
lap northward along a NW-SE trending hinge-line. In allomember VD, stacked and shingled
deltaic sandstones, collectively up to 40 m thick, prograded from the south and SW, and are
confined to a depocentre to the SW of the tectonic hinge line. To the north of the hinge, little
sandstone is present, and allomember VD thins to about 6 m thick. Viking regression was
terminated by a regional marine transgression.
6. The Joli Fou alloformation is largely sheet-like, probably deposited in a back-bulge basin
when active flexural subsidence was confined to NW Alberta. Allomember VA thins subtly
both to the NW and SE and shows no evidence of systematic thickening to the SW, as would be
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expected in an actively subsiding foredeep. Allomember VB thins towards the NE and records
a time of uplift and erosion in the basin. Up to 32 m of deltaic sediments were deposited
in a subtle trough in the SW corner of the study area; however, the disappearance of Viking-
equivalent sediments along the Foothills suggests that this trough probably developed primarily
as a result of sediment loading, rather than loading by the orogen. Sandstone isolith maps
show that the source of coarse clastic sediment changed from SW to NW during deposition
of allomember VB where uplift and increased rainfall caused erosion. Regional thinning and
erosional truncation of VB to the NW, indicate that NW Alberta and NE British Columbia
experienced subtle uplift during VB time. This NW region may have acted as a source area for
allomember VB sediment. Uplift in the NW may have resulted in lowstand shorefaces being
preferentially deposited along the topographically low hinge-line that is readily recognisable
in allomember VD. Therefore, large-scale flexural subsidence of the foreland basin, driven
by the static load of the Rocky Mountain orogenic wedge, played a minor role in controlling
sedimentation during Lower Colorado time.
7. U/Pb dating of zircons from bentonites shows that the Viking alloformation was de-
posited in a time span of approximately 1.4 MY, making the average duration of allomembers
VA, VB, and VD approximately 460 kyr within which many smaller transgressive-regressive
cycles took place. These smaller cycles may have been associated with approximately 40 kyr
obliquity cycles. Additionally, regional stratal geometry shows that very little tectonic flexure
was taking place. It is therefore postulated that the repeated transgressive-regressive events
documented in the Joli Fou and Viking alloformations were the result of eustatic changes con-
trolled by climate change driven by Milankovitch-scale orbital cycles which probably led to the
growth and decay of small Antarctic ice sheets. However, this remains speculative as more data
are needed to prove the eff cts of Milankovitch cyclicity on the Lower Colorado allogrpup.
7.1 Future research
The following topics are suggested for future work:
1. The allostratigraphic framework presented in this thesis can be extended further east
into Saskatchewan and adjacent Manitoba to document the extent of Western Canada Foreland
Basin sediments and the eff cts of the Canadian shield on sediment provenance. Initial work
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on this has already been presented by (Vannelli et al., 2017) and shows that Pelican Formation
quartz arenites were probably derived from the Shield rather than the Cordillera.
2. The origin and mechanics of the hinge-line that appears to control gravelly shorefaces
in allomember VB, and major deltaic bodies in allomember VD needs to be researched further.
This thesis hypothesizes that this hinge-line overlies a deep-seated fault system, although no
public-domain data are available to substantiate this interpretation. In order to fully understand
the evolution of the basin, this linear feature must be examined through geophysical analysis.
3. Although evidence suggests that much of the Viking alloformation was deposited as the
result of eustasy and not tectonic flexure, more detailed, high-precision geochronology to con-
strain timing of cycles from shallow marine clastics needs to be completed and integrated into
a cohesive framework in order to better understand the effects of orbital cyclicity on shallow-
marine clastic systems.
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4. W - E Township 36 line
Gamma ray Resistivity
equivalent to JA; the western limit of the Basal Colorado sandstone is range 14W4, is truncated by JE0 at range 11W4 and appears at range 8W4.
 W - E township 36 line, range 26W4 to range 18W3. Key points:WE2 is extensive throughout the study area; allomember VD thins markedly at range 14W4; in the east, the Spinney Hill sandstone appears and is 
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5. W - E Township 40 line
Gamma ray Resistivity
equivalent to JA.
 W - E township 40 line, range 26W4 to range 18W3. Key points: Allomember VD thins markedly between range 12W4 and range 10W4; in the east, the Spinney Hill sandstone appears and is 
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Morrow (2017) metres-thick conglomerates; the onlap limit of allomember WB is township 36.
N - S range 26W4 line, township 24 to 40. Key points: From S - N, the Joli Fou and Viking alloformations transition from fluvial-Bow Island facies; Joffre field is equivalent to allomember VB and is equivalent to the 
A. N - S Range 26W4 line
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Huxley field appears around township 32; both fields in allomember VB; the onlap limit of allomember WB is township 33.
N - S range 24W4 line, township 24 to 40. Key points: From S - N, the Joli Fou and Viking alloformations transition from fluvial-Bow Island facies; Joffre field appears around township 38; 
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C. N - S Range 20W4 line
 
the onlap limit of allomember WB is township 20.
N - S range 20W4 line, township 24 to 40. Key points: Allomember VD thins markedly northwards at township 35; 
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allomember WB is present throughout this range line.
N - S range 16W4 line, township 24 to 40. Key points: Allomember VD thins markedly northwards at township 33; 
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N - S range 12W4 line, township 24 to 40. Key points: Allomember VD thins markedly northwards at township 31; allomember WB 
is present throughout this range line; the Basal Colorado sandstone is truncated by JE0 northwards at township 37.
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F. N - S Range 8W4 line
 
townships 32 to 33; the Basal Colorado sandstone is present along the entirety of this range line.
N - S range 8W4 line, township 24 to 40. Key points: Allomember VD thins markedly northwards at township 28; allomember VB is not present from
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the Basal Colorado sandstone is truncated by JE0 northwards at township 37.
N - S range 2W4 line, township 24 to 40. Key points: Allomember VD thins markedly northwards at township 27;
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at township 24; the Basal Colorado sandstone is truncated by JE0 northwards at township 37.
N - S range 28-26W3 line, township 24 to 40. Key points: Allomember VD thins markedly northwards
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I. N - S Range 22W3 line
N - S range 22W3 line, township 24 to 40. Key points: Allomember VD thins markedly northwards
at township 24; the Basal Colorado sandstone is present throughout the range line; the Spinney Hill sandstone appears 
and is equivalent to allomember JA.
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throughout the range line; the Spinney Hill sandstone appears and is equivalent to allomember JA.
N - S range 20W3 line, township 24 to 40. Key points: The Basal Colorado sandstone is  present 
